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GENERAL INTRODUCTION 
The number of live piglets farrowed per litter is one of the most important 
components of sow productivity (Lawrence, 1993). Currently, U.S. pork producers average 
8.8 pigs per litter (NASS, 1999). Although ovulation rate at each estrus varies widely, U.S. 
pig breeds average between 14 and 16 (Christenson, 1993). Furthermore, the fertilization 
rate in domestic swine is believed to exceed 95% (Polge, 1982). It has been estimated that an 
increase of a single piglet per litter would allow the industry to produce the same number of 
pigs from 10% fewer litters. Based on nearly 9 million litters bom per year currently, the 
increase in litter size of one pig would allow a reduction in the nimiber of litters produced by 
900,000 (NASS, 1998). Such a reduction would save the swine industry nearly $32 million 
dollars a year in feed costs alone, while generating the same number of pigs. 
Prenatal loss in U.S. pig breeds is estimated to be between 30-40%, of which greater 
than 75% occurs before day 30 and is referred to as embryonic mortality (Hammond, 1914; 
Comer, 1923; Perry, 1954; Hanly, 1961; Perry and Rowlands, 1962; Scofield, 1972; Dziuk, 
1987; Pope 1994). On or about day 12 of gestation, the porcine embryo undergoes a 
tremendous morphological change from a 10 mm sphere to a one meter long filament within 
a 24 h period (Anderson, 1978; Geisert et al., 1982b; Pusateri et al., 1990). At the same time, 
the embryo is undergoing this rapid morphologic change, it begins synthesizing and secreting 
significant (ng/day) quantities of estradiol 17P (Perry et al., 1973; Ford et al., 1982a; Geisert 
et al., 1990; Pusateri et al., 1990). Embryonic estradiol-17P secretion is associated with 
marked changes in endometrial protein secretion and the composition of the uterine luminal 
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fluid (Geisert et al., 1982a; Geisert et al., 1982c). During this time of marked blastocyst 
development, there is great diversity in littermate embryo size and estradiol-17P content 
(Anderson, 1978; Pusateri et al., 1990). It is widely thought that as the most advanced 
embryos in a litter are undergoing elongation and initiating estradiol-lTP secretion, they alter 
the uterine milieu with a resultant loss of their lesser developed littermates (Pope et al., 
1990). 
Simply reducing the number of embryos lost during early gestation will not, in itself, 
increase litter size as the capacity of the uterus becomes limiting sometime after day 30 
(Dziuk, 1987). In the prolific Chinese Meishan pig, ovulation rate and uterine size are 
similar to U.S. pig breeds, yet litter size is 3 to 5 pigs greater (Zhang et al., 1983; Cheng, 
1983; Sellier and Legault, 1986; Bazer et al., 1988a; Jin et al., 1992). A major component of 
this increased prolificacy appears to be the reduced placental size of the Meishan conceptus 
as compared with the Yorkshire conceptus throughout gestation, allowing more concepmses 
to occupy a similar amount of space in utero (Ashworth et al., 1990; Ford et al., 1994; Rivera 
et al., 1994; Biensen et al., 1995; Biensen et al., 1996; Biensen et al., 1998; Wilson et al., 
1998). This decreased placental size likely results from a decreased preimplantation 
embryonic growth rate, leading to a decreased length of Meishan as compared to Yorkshire 
embryos after elongation, and allows more of the embryos surviving to day 30 to colonize the 
uterus (Ashworth et al., 1990; Ford et al., 1994). Nutrient allocation to a conceptus would be 
expected to be reduced by the smaU size of the Meishan placenta; however, when Meishan 
and Yorkshire littermate conceptuses are co-gestated in either a Meishan or Yorkshire uterine 
environment, the piglets will have similar birth weights (Wilson et al., 1998; Wilson et al.. 
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1999). The similarity in piglet weights in the face of marked differences in placental size 
results from the markedly greater density of blood vessels for nutrient uptake in the Meishan 
placenta as compared with the Yorkshire placenta during the final third of gestation (Biensen 
et al., 1998). 
Dissertation Organization 
This dissertation is written in the alternative format. It includes a literature review, a 
statement of the problem, four manuscripts: one published in the Journal of Animal Science, 
one accepted for publication in the Journal of Animal Science, one submitted to the Journal 
of Animal Science and one accepted for publication in the journal genesis, a general 
conclusion, and a list of references for the literature review. 
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LITERATURE REVffiW 
Ovarian Cycle and Ovulation 
U.S. and European breeds of domestic pigs, Sus scrofa domestica, attain puberty at 
approximately 6 to 7 months of age with little impact of nutritional status (Anderson and 
Melampy, 1972; Dyck, 1988). Pigs are polyestrus with an average estrous cycle length of 21 
days (normal range 18-23 days; Sorensen, 1979; Senger, 1997). The start of the estrous cycle 
(day 0) is marked by a period of sexual receptivity, or estrus, lasting 2-3 days (Sorensen, 
1979; Senger, 1997). The stages of the estrous cycle; estrus, metestrus, diestrus and proestrus 
are regulated by the ovarian cycle and the steroids produced by the changing structures on the 
surface of the ovary (Dziuk, 1977; Anderson, 1993; Senger, 1997). 
Follicular development proceeds through two different stages; gonadotropin 
independent growth and gonadotropin dependent growth (Hafez, 1993a; Senger 1997). A 
cohort of primordial follicles (an oocyte surrounded by a single layer of flattened follicular 
cells), of which there are a set number at birth, never to be expanded, will periodically leave 
the resting pool of primordial follicles and become primary follicles (Fortune, 1994; Roche, 
1996). This transformation is characterized by the proliferation of granulosa cells, the 
descendants of the follicular cells and is independent of the gonadotropins, luteinizing 
hormone and follicle stimulating hormone (Foxcroft and Hunter, 1985; Roche, 1996). The 
cells surrounding the primary follicle differentiate into theca interna cells and the follicle is 
then transformed into a secondary follicle marked by the acquisition of an ability to respond 
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to the gonadotropins (Hirschfield, 1991). This responsiveness is a result of the expression of 
receptors on the theca interna cells for luteinizing hormone and receptors for follicle 
stimulating hormone on granulosa cells (Ryan, 1979). The presence of luteinizing hormone 
receptors in the plasma membrane of theca intema cells stimulates the expression of 
steroidogenic enzymes necessary for the conversion of cholesterol to a C-19 androgen, 
including P450 side chain cleavage, 3P-hydroxysteroid dehydrogenase and P450 17a-
hydroxylase/17-20 lyase (Conley et al., 1994; Conley et al., 1995). This androgen can then 
diffuse across the basement membrane of the follicle to enter the granulosa cells where 
follicle stimulating hormone has stimulated the expression of the steroidogenic enzyme 
required for conversion of C-19 androgens to C-18 estrogens, namely P450 aromatase 
(Briggs and Brotherton, 1970; Henricks and Mayer, 1977; Conley et al., 1994). The 
production of follicular estrogens by the granulosa layer then stimulates the imbibition of 
fluid into the granulosa layer resulting in the development of a fluid filled cavity referred to 
as the "antrum". The antrum serves as the characteristic employed to mark the transition 
from a secondary to a tertiary follicle (Hafez, 1993b). 
The antral cavity of the tertiary follicle will continue to expand until the follicle 
reaches a diameter of 8-10 nam (Anderson, 1993; Adashi, 1994; Conley et al., 1994). The 
cohort of follicles, now referred to as preovulatory, produce sufficient estrogen to elevate 
blood levels from 10-20 pg/ml to 60-70 pg/ml which will induce estrous behavior (Dziuk, 
1970; Henricks et al., 1972; Anderson, 1993; Senger, 1997). These levels of estrogen are 
sufficient to stimulate surge release of gonadotropin releasing hormone from the surge center 
of the hypothalamus which will in turn stimulate surge release of luteinizing hormone from 
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the anterior pituitary (Gorski, 1966; Niswender et al., 1970; Hafez, 1993c; Soede and Kemp, 
1997). This preovulatory surge of luteinizing hormone will luteinize both the theca interna 
and granulosa cell layers of the follicle and will initiate the cascade of events that results in 
the breakdown of the folliclular waU and expulsion of the oocyte, or ovulation (Webel et al., 
1970; Baker et al., 1973; Irianni and Hodgen, 1992). The recently ovulated follicle will then 
collapse and the thecal cell derived luteal cells will begin to invade the granulosa derived 
luteal cells, possibly carrying with them components of the former follicular vasculature 
responsible for vascularizing the forming corpora lutea (Reynolds et al., 1992; Redmer and 
Reynolds, 1996). These transitional structures are referred to as corpora hemorrhagica 
(Sorensen, 1979). 
The luteal cells of the corpora hemorrhagica will proliferate, eventually forming 
corpora lutea (Comer, 1915). The corpora lutea secrete progesterone with circulating levels 
reaching 30-40 ng/ml (Hansel et al., 1973; Dziuk, 1977). These high concentrations of 
progesterone exert a negative feedback on the hypothalamus and anterior pituitary which 
reduce the secretion of gonadotropins, thus limiting follicular growth and development 
(Roche, 1996). Once the corpora lutea have begun regression (approximately day 13-14 of 
the estrous cycle; Anderson, 1993), progesterone levels begin to decline and a cohort of 
gonadotropin dependent follicles can begin to grow, reinitiating the ovarian cycle (Roche, 
1996). 
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Fertilization and Cleavage 
The breakdown of the follicular wall results in ovulation between 36-48 h after the 
onset of estrus (Sorenson, 1979; Kemp and Soede, 1997; Soede and Kemp, 1997). The time 
from ovulation of the first to the last follicle in a cohort takes between 3 and 6 h (Soede and 
Kemp, 1997). Upon expulsion of the oocytes from the follicles at ovulation, they are 
collected by the fimbriated end of the infundibulum (ovarian end of the oviduct; Hunter, 
1974). The oocytes then travel down the mbular portion of the oviduct as a result of ciliary 
action of the ciliated colunmar epithelium lining this portion of the oviduct as the smooth 
muscle investment is minimal. The density of ciliated columnar cells in the tubular part of 
the infundibulum is high and as a result oocyte transfer is relatively rapid (Hunter, 1974; 
Hunter 1990). 
Once the oocytes have traversed the infundibulum, they pass into the ampullary 
portion of the oviduct (Hunter, 1972; Hunter, 1974). In the ampulla, the oocytes' progress 
toward the uterus is again a result of ciliary action of the ciliated columnar epithelium; 
however, the density of ciliated cells is less and transport slows down considerably 
(Nalbandov, 1964). The oocytes reach the ampullary-isthmic junction, the site of 
fertilization, in as little as 45 noin (Hunter, 1974; Soede and Kemp, 1997). 
The high circulating concentrations of estrogen produced by the large preovulatory 
follicles will result in two phenomena that facilitate the fertilization process: first, the 
expression of behavioral estrus to allow copulation (Dziuk, 1977; Hafez, 1993; Soede and 
Kemp, 1997) and second, peristaltic contractions of the uterus from the uterine body towards 
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the ampullary-isthmic junction to transport the sperm from the cranial cervix to the site of 
fertilization (Hunter, 1972; Hunter, 1974). Sperm transport will be temporarily delayed at the 
tip of the uterine horn, or utero-tubal junction, as a result of infolding of the lining mucosa 
that, when engorged during estrus, block sperm passage (Anderson, 1977). This temporary 
delay will allow for the proteolytic digestion of seminal plasma covering the sperm cells, a 
process referred to as "capacitation". As estrogen levels decline the finger-like projections 
relax allowing cranial transport of the sperm into the isthmus of the oviduct, where they are 
further transported by peristaltic contractions to the ampuUary-isthmic junction (Hunter, 
1974). 
The ciliary activity of the ampulla and peristalsis of the isthmus bring the oocytes and 
sperm into close proximity (Hunter, 1974). Physical contact between the oocyte and sperm 
cell is facilitated by species specific protein-protein interaction between a specific sperm 
'receptor' protein on the zona pellucida, known as ZP3 (approximate molecular weight 
55kD; Wasserman, 1990; Sacco et al., 1989; Yurewicz et al., 1993), and an as yet unknown 
ZP3 specific 'receptor' on the surface of the capacitated sperm (Wasserman, 1990; 
Hasegawa, et al., 1995). The ZP3 specific receptor has been implicated in the mouse to be 
galactosyl transferase, but this is not the case in the pig. 
Interaction of the sperm with 2P3 on the zona pellucida initiates the acrosome 
reaction, which is characterized by fusion of discreet segments of the sperm plasma 
membrane and the outer acrosomal membrane (a process called "vesiculization"; Anderson, 
1977; Yonezawa et al., 1995; Senger, 1997). Vesiculization continues until the entirety of 
the inner acrosomal membrane is exposed, cranial to the equatorial segment (Fawcett, 1975). 
9 
A combination of the digestive enzymes formerly contained in the acrosomal sac and acrosin 
embedded in the inner acrosomal membrane will allow the sperm to digest/traverse the zona 
pellucida entering the perivitelline space (Harrison, 1997). 
Once the sperm has entered the perivitelline space, it can begin to interact with the 
microvillar surface of the oocyte plasma membrane (Hunter, 1972; Wassaiman, 1987; Snell 
and White, 1996). The sperm cell will orient itself such that the long axis of the sperm head 
is tangent to the oocyte plasma membrane and the two cell membranes will begin to fuse in 
the region of the equatorial segment (Hunter, 1972; Fawcett, 1975). Once the sperm head has 
fused with and penetrated the oocyte's plasma membrane, the cortical reaction is initiated, 
hardening the zona pellucida (primary block to polyspermy), and altering the cell surface of 
the oocyte preventing further sperm cell penetration (secondary block to polyspermy; 
Anderson, 1977; Senger, 1997). The oocyte plasma membrane will then envelope the sperm 
plasma membrane fusing with and drawing the sperm nucleus into the oocyte cytoplasm 
(Fawcett, 1975). Penetration of the vitelline membrane by the sperm also results in the 
resumption of meiosis by the oocyte, which has been in arrest at metaphase II, and extrusion 
of the second polar body. 
Approximately 1.5-2 h after penetration of the vitelline membrane, contact with the 
ooplasm causes the breakdown of the sperm nuclear envelope and decondensation of the 
male genetic material which is then surrounded by a pronuclear envelope (Fawcett, 1975; 
Hunter, 1972). This decondensation allows the sperm DNA to be unpackaged from its 
protamine scaffolding which allows it to be accessed by the DNA repair machinery of the 
oocyte. The male genetic material is then surrounded by a pronuclear envelope (Hunter, 
1972; Hunter, 1974). Shortly after this, the female genetic material is surrounded by a 
pronuclear envelope somewhat smaller than that of the male (Hunter, 1974). Three to 4 h 
later the pronuclei migrate from the periphery of the oocyte to its center and come into 
apposition, at which point the pronuclear envelopes break down allowing mixing of the 
genetic material, a process known as syngamy, which results in the formation of a zygote 
(McLaren, 1972; Hunter, 1974). Over the next few hours the genetic material is replicated, 
and by 12-13 h after syngamy, the first mitotic metaphase plate appears, followed by the 
initial cleavage (cell division in the absence of any increase in total cytoplasmic volmne) of 
the zygote into two blastomeres of similar size (Heuser and Streeter, 1929; Hunter, 1974). 
These two blastomeres will be oriented such that the lipid rich cellular yolk will be centrally 
located with the outer clearer layer containing much less lipid (Assheton, 1898). 
Additionally, both polar bodies are still visible (Assheton, 1898). 
Both the single ceUed zygote and two-celled embryo are transcriptionally inactive, 
relying on mRNAs incorporated into the oocyte during oogenesis. The pig embryo rapidly 
(i.e., 6-8 hours) progresses through a second cleavage division resulting in an embryo 
comprised of four similar sized cells (Hunter, 1974; te Kronnie and de Boer, 1993). The 
embryo remains in the four-cell stage for an extended period (approximately 20-24 hours) 
during which it begins the first significant de novo transcription, a process referred to as the 
activation of the embryonic genome (Freitag et al., 1991; Shoenbeck et al., 1992). The 
embryo has been slowly migrating down the isthmus towards the uterine hom as a result of a 
reversing of the direction of the peristaltic contractions of the female tract in response to 
declining concentrations of circulating estrogens and increasing concentrations of circulating 
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progesterone (Oxenreider and Day, 1965). This migration will deliver the embryo through 
the utero-tubal junction and into the tip of the uterine horn during the four-cell stage 
(Oxenreider and Day, 1965; Hunter, 1974). 
By 64-70 hours after fertilization the embryo will be comprised of approximately 16 
cells and is referred to as a morula, due to its mulberry like appearance (Hubrecht, 1908; 
Hueser and Streeter, 1929; Hunter, 1974). The outer cells of the morula will now begin to 
flatten, develop microvilli, and form tight junctions between them and gap junctions will 
form between the inner cells in a process known as compaction (Lindner and Wright, 1978; 
Wiley, 1988). The compacted morula will not migrate far from the tip of the uterine hom 
(Dhindsa et al., 1967; Hunter, 1974; Anderson, 1978). With the completion of one additional 
cell cycle, the embryo will be comprised of approximately 30 cells and will initiate the 
formation of a 'segmentation cavity' or blastocoel (Assheton, 1898; Hueser and Streeter, 
1929;Ducibellaetal., 1975; Geering, 1990). 
Early Blastocyst Development 
The formation of the blastocoel results from the presence of tight junctions between 
the flattened cells on the outside of the embryo and an increase in the osmolarity of the 
extracellular fluid within the embryo as a result of increases in a number of organic as well as 
inorganic substances like sodium and calcium, drawing water into the developing embryo 
(Ducibella et al., 1975; Wiley, 1988). The early blastocyst is still encased in the zona 
pellucida and the entire litter of embryos can be found in the cranial half of the uterine horns 
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(Dhindsa et al., 1967; Ashworth, 1991). By the sixth day after fertilization (or approximately 
day 7 of gestation), the inner cell mass is clearly distinct from the trophectodermal layer and 
the embryo is comprised of between 150 and 200 cells (Assheton, 1898; Heuser and Streeter, 
1929; Anderson, 1978). The embryo will be 200 to 250 {im in diameter and the zona 
pellucida will have noticeably thinned. By the end of the sixth day after fertilization, the 
embryo will hatch from the zona pellucida and will be in direct contact with the uterine 
luminal epithelium and the fluid contents of the uterine lumen, refeired to as histotroph 
(Hueser and Streeter, 1929; Hunter, 1972; McLaren, 1980). 
Shordy after the blastocyst hatches, the embryonic cells consume their 'yolk' and 
begin taking up nutrients and macromolecules from the uterine histotroph in which they are 
bathed (Assheton, 1898; Hueser and Streeter, 1929). Trophectoderm cells will first exhibit 
microvilli facing the uterine lumen, and the trophectoderm cell layer will become more and 
more flattened in the days to follow (Barends et al., 1989). Day 7 embryos contain 1-2.5 jig 
of protein and have a volume between 30 and 80 p.1 (Wright et al., 1983). The embryo 
continues to expand and the trophectodermal surface begins to exhibit a wrinkled appearance, 
due to the exponential rate of trophoblastic expansion which outstrips the ability for fluid 
imbibition (Barends et al., 1989). At this time, the first evidence of a third cell type, the 
entoderm, is present (Assheton, 1898; Hueser and Streeter, 1929). From the region of the 
embryoblast, relatively cuboidal cells will be rapidly proliferating and those at the periphery 
will begin to migrate out to line the inner aspect of the trophectoderm and will become 
dispersed with very attenuated cytoplasm distributed throughout long, thin projections of ceU 
membrane (Hueser and Streeter, 1929; Keys and King, 1990). This layer is referred to as the 
hypoblast in the region of cuboidal cells underlying the inner cell mass and the entoderm in 
the region of flattened, attenuated cells underlying the trophectoderm (Barends et al., 1989). 
The blastocyst now contains between 20-24 inner cell mass ceUs, roughly 80 entoderm cells 
and as many as 500 trophectoderm cells (Heuser and Streeter, 1929; Anderson, 1978; 
Papaioimou andEbert, 1988). 
Day 8 blastocysts will contain between 3.5-4.0 |ig of protein, will have nearly doubled 
in size from that found on day 7, and will have begun their migration throughout the uterine 
horns (Dhindsaet al., 1967; Hafez, 1972; Anderson, 1978; Wright et al., 1983; Dziuk, 1985). 
By day 8, the entoderm will have formed a continuous, fenestrated layer of flattened cells 
lining the entirety of the blastocoel (Hueser and Streeter, 1929; Patten, 1948; Barends et al., 
1989). Once the entoderm has completely lined the blastocoel, the embryo is known as a 
bilaminar blastocyst (Heuser and Streeter, 1929; Patten, 1948). Lying between the 
trophectoderm and entoderm is a layer of fibronectin (Richoux et al., 1989). On day 9, 
approximately 47% of the embryos will be located in the cranial most quarter of the uterine 
horn, 21% in the second quarter, 20% in the third and only 7% of the embryos in the caudal 
most quarter of the horn (Anderson, 1978). The day 9 blastocysts will contain between 10 
and 50 tig of protein and will have expanded to a diameter of approximately 2.7 ± 0.3 mm 
(Anderson, 1978; Wright et al., 1983). Through day 10, the inner cell mass, or embryoblast, 
is covered by a layer of trophectoderm cells known as Rauber cells (Assheton, 1898; Hueser 
and Streeter, 1929; Norberg, 1973; Barends et al., 1989). 
Prior to the tenth day, the inner cell mass shows no polarit>' and can be as many as 5 
cell layers thick (Barends et al., 1989). The cells of the embryoblast exhibit wide 
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intercellular spaces with coated pits at the cell surface. Desmosomes (relatively loose 
intercellular junctions) are present between the cells of the embryoblast as well as between 
embryoblast cells and the trophectoderm (Barends et al., 1989). During the tenth day, the 
cells of the inner cell mass become polarized, forming tight junctional complexes between 
them, and develop microvilli on their external surface (Barends et al., 1989). Liitially, small 
gaps will appear between ceUs of the Rauber layer, exposing the newly formed embryonic 
ectoderm to the uterine milieu. The small spaces will then be joined to form successively 
larger spaces until the entire Rauber layer disappears, and the embryonic ectoderm extends to 
a surface nearly twice the size of the original Rauber layer (Heuser and Streeter, 1929; 
Barends et al., 1989). The now exposed embryoblast is termed the embryonic or germinal 
disk, is reduced to 2-3 cell layers in thickness and will eventually give rise to all the tissues of 
the embryo proper (Assheton, 1898; Hueser and Streeter, 1929; Hafez, 1972; Anderson, 
1978; Barends et al., 1989). A layer of fibronectin will separate the embryonic ectoderm 
from the underlying embryoblast cells (Richoux et al., 1989). 
Late Blastocyst Development 
Starting on day 11, the spherical conceptus begins expanding at an accelerating rate 
from an initial diameter of 1 mm (Hueser and Streeter, 1929; Anderson, 1978; Geisert et al., 
1982b; Pusateri et al., 1990). The size disparity between littermate embryos also becomes 
very pronounced at this time (Anderson, 1978; Dziuk, 1985; Dziuk, 1987). Littermate 
embryo sizes on day 12 can vary anywhere from 5 mm to filamentous forms, hundreds of mm 
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long (Anderson, 1978; Geisert, 1982b; Pusateri, 1990; Ford, 1997). Furthermore, the 
conceptus will initiate the expression of a variety of growth factors, growth factor receptors, 
hormone receptors, etc. (Table 1). For this reason the discussion will depart from one of the 
timing of conceptus changes from the onset of estms or fertilization, to an emphasis on the 
sequence of changes as they would occur within an individual conceptus. 
As the blastocyst neais a diameter of between 4 and 6 mm, it begins expressing the 
enzymes necessary for the conversion of precursor progesterone in the uterine luminal fluid 
into estradiol-17P (Gadsby et al., 1980; King and Ackerley, 1985; Fischer et al., 1985; van 
der Muelen et al., 1989; Hofig et al., 1991a; Conley et al., 1992; Conley et al., 1994; Ko et 
al., 1994; Green et al., 1995; Simmen et al., 1995; Choi et al., 1996; Kaminski et al., 1997; 
Wilson and Ford, 1997; Yellich et al., 1997). The two key enzymes in this process are the 
P450s 17a hydroxylase/ 17-20 lyase and aromatase (Briggs and Brotherton, 1970). P450 17a 
hydroxylase/ 17-20 lyase is the key enzyme in the conversion of progesterone to testosterone 
and is expressed solely by the trophectoderm of the expanding blastocyst (Conley et al., 
1994b), while P450 aromatase is responsible for the further conversion of testosterone to 
estradiol-17P, and is expressed in the trophectoderm and hypoblast (Conley et al., 1994b; Ko 
et al., 1994). Conley et al. (1992) have provided evidence that the expression of P450 17a-
hydroxylase/17-20 lyase is closely linked with the production of estradiol-17P by the 
conceptus; however, the expression of P450 aromatase, is also temporally associated with the 
onset of estradiol-17P production. It has been proposed that insulin-like growth factor-I 
O^GF-I) from the endometrium may be involved in the initiation of steroidogenesis, and the 
continued expansion of the blastocyst (Hofig et al., 1991a; Ko et al., 1994; Simmen et al.. 
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Table 1. Growth factors, growth factor receptors, hormone receptors, adhesion molecules, 
etc. expressed by porcine conceptuses between day 10 and 15 of gestation. Compounds 
investigated and found indicated by '+' and those investigated but not found indicated by 
The level of expression (i.e., messenger RNA or protein) and the reference are included. 
Day of Gestation 
Compound 10 II 12 13 14 15 Level Reference 
Acidic fibroblast growth factor + + + + + + + -»- + Protein Gupta et al. (1997) 
Basic fibroblast growth factor •4- + + 4- + + + -K + Protein Gupta et al. (1997) 
Basic protein + + + + + + + + +  Protein Baumbach et al. (1988) 
Brachyury +  +  +  +  mRNA YeUich et al. (1997b) 
Colony stimulating factor-1 +  +  Protein Tuo et al. (1995) 
Epidermal growth factor mRNA Vaughan et al. (1992) 
Epidermal growth factor receptor + + + + + + + + + + +  mRNA Vaughan et al. (1992) 
+ + + + + + +  Protein Zhang et al. (1992) 
Estrogen receptor mRNA Yellich et al. (1997b) 
Insulin-like growth factor + + + + + + + + + + +  mRNA Green et al. (1995) 
+ + + + + + + + +  mRNA Letcher et al. (1989) 
+ + + + + + + + +  Protein Letcher et al. (1989) 
Insulin-like growth factor receptor + + + + + + + + + + +  mRNA Green et al. (1995) 
Integrin-al + + + + + + + + +  Protein Bowen et al. (1996) 
Integrin-oc3 Protein Bowen et al. (1996) 
Integrin-a4 + + + + + + + + +  Protein Bowen et al. (1996) 
Integrin-oS + + + + + + + + +  Protein Bowen et al. (1996) 
Integrin-av + + + + + + + + +  Protein Bowen et al. (1996) 
Integrin-pl +  +  +  +  +  mRNA Yellich et al. (1997b) 
+ + + + + + + + +  Protein Bowen et al. (1996) 
Integrin-pS + + + + + + + + +  Protein Bowen et al. (1996) 
Leukemia inhibitory factor receptor +  +  +  +  +  mRNA Yellich etal. (1997b) 
Oxytocin receptor mRNA Yellich et al. (1997b) 
P450 17a-hydroxylase +  mRNA Green et al. (1995) 
+  +  +  +  mRNA Yellich et al. (1997b) 
+  +  +  +  +  +  Protein Kaminski et al. (1997) 
P450 aromatase +  mRNA Green et al. (1995) 
+  +  +  +  mRNA Yellich et al. (1997b) 
+  mRNA Koetal. (1994) 
-  +  +  +  Protein Kaminski et al. (1997) 
Platelet-derived growth factor receptor-jj + + + + + + +  Protein Kim and Fischer (1997) 
Progesterone receptor mRNA YeUich etal. (1997b) 
Prostaglandin F receptor mRNA YeUich et al. (1997b) 
Retinol binding protein +  +  +  +  +  mRNA YeUich et al. (1997) 
+  mRNA Trout et al. (1991) 
+ + + + + + + + + + +  Protein Harney et al. (1990) 
Retinoic acid receptor a +  +  +  +  +  mRNA YeUich et al. (1997a) 
Retinoic acid receptor P +  +  +  +  +  mRNA YeUich et al. (1997a) 
Retinoic acid receptor y +  +  +  +  +  mRNA YeUich et al. (1997a) 
Transforming growth factor a +  mRNA Vaughan et al. (1992) 
Transforming growth factor P-2 mRNA YeUich et al. (1997a) 
Transforming growth factor P-3 +  +  +  +  +  mRNA YeUich etal. (1997a) 
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1992; Simmen et al., 1995). The trophectoderm is known to contain receptors for IGF-I 
(Corps et al., 1990; Chastant et al., 1994; Sinimen et al., 1995). The IGF-I is known to 
stimulate the growth and protein synthesis of the blastocyst (Estrada et al., 1991; Lewis et al., 
1992). Furthermore, Hofig et al. (1991b) demonstrated effects of IGF-I on increasing the 
activity of P450 aromatase in preimplantation blastocysts. 
During the initiation of steroidogenesis, the embryo is continuing to expand, 
producing greater absolute amounts of estradiol-17P as the number of trophectoderm cells 
increases (Perry and Rowlands, 1962; Pusateri et al., 1990). Within 24 h of the initiation of 
estradiol-17P production by the embryo, it will have expanded to a sphere with a diameter of 
approximately 10 mm and the trophectoderm cells will have a circular border and their inner 
surface will be lined with fibronectins (Anderson, 1978; Geisert et al., 1982b; Albertini et al., 
1987; Richoux et al., 1989; Mattson et al. 1990). The amount of estradiol-17P being 
produced and secreted by the embryo on days 12 and 13 will reach a level which is detectable 
in the uterine venous and lymphatic drainages, and is associated with increased uterine blood 
flow and alterations in endometrial secretory activity (Comer, 1921; Ford and Christenson, 
1979; Heap et al., 1979; Ford et al., 1982; Geisert et al., 1982a; Geisert et al., 1982b; 
Magness and Ford, 1982; Ford, 1983). Embryonic estradioI-17P is also responsible for the 
maternal recognition of pregnancy (Gardner et al., 1963; Geisert et al., 1987; Conley and 
Ford, 1989; Geisert et al., 1990; Ford and Christenson, 1991; Pusateri et al., 1996a; Pusateri 
et al., 1996b). The estradiol-17P is also thought to be involved in evenly spacing the 
embryos throughout the uterine horns (Pope et al., 1982; Pope et al., 1986b). 
The embryo now begins to undergo a morphologic change that results in an ovoid 
embryonic morphology as compared to spherical morphology, with the cells of the 
trophectoderm retaining their relatively circular shape (Anderson, 1978; Mattson et al., 
1990). The trophectodermal and entodermal cell layers are kept in close proximity during the 
morphogenesis to ovoid shape by the fibronectin layer between them (Richoux et al., 1989; 
Persson and Rodriguez-Matinez, 1997). Throughout the entire spherical expansion and 
morphogenesis to an ovoid shape, the embryonic disk retains a tear-drop shape with a 
diameter of approximately 300 -j-m (Anderson, 1978). As embryos become ovoid, they 
express greater quantities of both P450 17a-hydroxylase/17-20 lyase and P450 aromatase, 
resulting in increased synthesis of estradiol-17P (Conley et al., 1992; Ko et al., 1994). 
Shortly after attaining an ovoid shape, the embryo will further elongate into a cigar shape, or 
tubular form (Hueser and Streeter, 1929; Anderson, 1978; Geisert et al., 1982b; Pusateri et 
al., 1990). 
Tubular embryos exhibit a length of 15 to 30 mm, a marked increase in 
trophectodermal cell density (Geisert et al., 1982b; Pusateri et al., 1990), fibronectin based 
adherence of the trophectoderm and entoderm (Richoux et al., 1989) and the trophectoderm 
cells take on a polygonal shape (Mattson et al., 1990). It is at this stage of development (i.e., 
tubular) that the mitotic rate of the embryo markedly declines and the embryo begins its 
transformation, primarily through trophectoderm morphogenesis, into a thin convoluted 
filament (Geisert et al., 1982b; Pusateri et al., 1990). This transformation is almost entirely 
due to a rearrangement of the cells of the trophectoderm and an alteration in cell morphology 
from a polygonal shape to an elongated rod-like shape with their long axes parallel to the 
long axis of the embryo (Geisert et al., 1982b; Mattson et al., 1990; Pusateri et al., 1990). 
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The embryo will continue to elongate to reach a length of approximately 100 mm without a 
significant increase in cell number (Geisert et al., 1982b; Pusateri et al., 1990). Elongation is 
continued with a resumption of proliferation of trophectoderm cells resulting in a thin 
filament of up to a meter long (in some regions as thin as 0.75 mm wide) with a centrally 
located embryonic disk (Hafez, 1972). The embryo will reach this long filamentous form 
within 24 h of the initiation of elongation and the embryo wiU be highly convoluted within 
the folds of the endometrium. The entoderm of the filamentous embryo forms a slender mbe 
lining the trophectoderm and the fibronectin layer that has been maintained between the 
trophectoderm and entoderm will markedly thicken (Richoux et al., 1989). The ends of the 
embryo will exhibit a bulbous shape (Patten, 1948; Anderson, 1978; Geisert et al., 1982b). In 
addition, the central region with the embryonic disk will also be visibly enlarged (Heuser and 
Streeter, 1929, Patten, 1948). 
As the filamentous embryo begins a generalized increase in diameter, the end of the 
embryonic disk destined to become the caudal end of the embryo begins to thicken as a result 
of a marked increase in embryonic ectodermal cell proUferation (Streeter, 1927). This 
thickening takes on a crescent shape, is the first indication of polarity in the germinal disk 
and is the first evidence of the primitive streak (Assheton, 1898; Streeter, 1927). The shape 
of the primitive streak is vague as the thickened region of cellular proliferation blends with 
the remaining embryonic disk (Streeter, 1927; Patten, 1948). The crescent shaped region 
continues to proliferate at an accelerated rate, as compared to the rest of the conceptus. The 
edges of the thickened area are pushed towards the midline of the embryo taking on an oval 
shape more characteristic of the primitive streak (Streeter, 1927). From the primitive streak. 
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the mesoderm will originate (Streeter, 1927; Patten, 1948; Geisert et al., 1982b). Cells 
differentiating from the ventral surface of the proliferative thickening are the first evidence of 
mesodemial outgrowth. The mesodermal layer will continue to proliferate and migrate out 
from the region of the primitive streak jBrst in the caudal region of the embryonic disk, then 
along the lateral edges of the disk before blending at the cranial aspect of the embryonic disk 
(Streeter, 1927). This pattern of migration results in the formation of an oblong ellipse of 
mesoblastic tissue underlying the embryonic disk and adjacent trophectoderm with the 
exception of the region immediately underlying the cranial end of the embryonic disk, from 
which Hensen's node will arise (Streeter, 1927; Hueser and Streeter, 1929; Patten, 1948). 
The mesoderm lies between the outer layer of the embryo (either trophectoderm or 
embryonic ectoderm) and the inner layer of the embryo (the entoderm; Streeter, 1927). A 
mesoblastic sheet spreads out from the region of proliferation to overly the entoderm 
(Streeter, 1927; Patten, 1948; Geisert et al., 1982b). Coelomic vesicles will begin to appear 
around the periphery and in the caudal region of the mesoblast (Streeter, 1927). The vesicles 
will become filled with fluid and will begin coalescing to form the extra-embryonic coelom 
(Patten, 1948). The extra-embryonic coelom is bounded on the ventral aspect by the 
splanchnic mesoderm or vitelline mesoblast and on the dorsal aspect by the somatic 
mesoderm or amniotic mesoblast (Streeter, 1927). 
At the time of the development of the extra-embryonic coelom, the first growth of the 
embryonic disk occurs; first into an elliptical shape referred to as the embryonic shield and 
then into an elongated structure characteristic of the embryo proper of a chordate (Streeter, 
1927; Huettoer, 1941; Patten, 1948; Patten, 1951). During this transformation in the shape of 
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the embryonic disk, the underlying single layered mesodermal sheet will continue to 
proliferate filling the previously unoccupied area under the cranial region of the embryonic 
disk with the exception of a small region just anterior to the cranial end of the primitive 
streak (Streeter, 1927). It is from this remaining area of the embryonic disk not subserved by 
mesoderm that a new center for cellular proliferation can be found called Hensen's node 
(Streeter, 1927; Patten, 1948). 
Hensen's node appears to act in a similar fashion to the primitive streak in that it 
serves as a region of markedly increased proliferation for the generation of cells to migrate 
ventrally from the embryonic disk (Streeter, 1927). These cells, unlike the cells that 
originated from the primitive streak to form the mesoderm, will form the notochord. 
Additionally, unlike the cells that originated from the primitive streak, the cells that originate 
from Hensen's node will migrate ventrally to contact and become blended with the entoderm 
underlying the embryonic disk, instead of forming an unattached sheet of cells migrating 
laterally between the trophectoderm and entoderm (Streeter, 1927). 
Around the time of the appearance of Hensen's node (approximately day 14 of 
gestation), the trophoblastic layer of the embryo will begin its apposition to the endometrial 
luminal epithelium (Hueser and Streeter, 1929; Patten, 1948; Geisert and Yellich, 1997). 
Interaction between the trophoblastic, or chorionic, epithelium and luminal epithelium is 
facilitated by matrix proteins and their integrin receptors expressed by both cell layers 
(Dantzer, 1985; Geisert and Yellich, 1997). Final implantation (or more properly attachment) 
involves the formation of microvillar attachment between the chorionic and luminal epitheUal 
ceU layers (Dantzer, 1985; Keys and King, 1990; Geisert and Yellich, 1997). At this stage of 
development, the conceptus still relies on uterine histotroph absorbed and stored by the yolk 
sac (the result of fusion between the splanchnic mesoderm and entoderm; Hueser, 1927; 
Minuth and Tiedemaim, 1980; Tiedemaim and Minuth, 1980). Nutrients are broken down by 
the entodermal cells of the yolk sac and carried into the developing embryo through the first 
blood vessels to develop, those in the yolk sac which develop from blood islands (Patten, 
1948; Tiedemaim and Nfinuth, 1980). Blood islands are enlargements of the mesodermal 
layer in which the outer cells will become flattened and form a single layer around the central 
cells. These outer cells will become endothelial cells (an example of a mesoderm to 
epithelial transformation) and the inner cells will become blood corpuscles (the progenitors 
of red blood cells). 
Soon after the appearance of Hensen's node, one can see the neural groove which 
marks the path of proliferation and emigration of cells to form the notochord and the extra­
embryonic membrane (trophoblast and somatic mesoderm) on either side of the embryoblast 
will begin to fold up eventually to enclose the embryo forming a structure known as the 
amnion (Streeter, 1927; Heuser and Streeter, 1929). The embryo is concurrently developing 
paired elevations on either side of the of the neural groove, composed of loosely arranged 
mesoderm and referred to as somites (Heuser and Streeter, 1929). Once an embryo has 4 to 5 
pairs of somites, one can begin to see an outgrowth of hindgut derived splanchnic mesoderm 
(Streeter, 1927; Hueser, 1927; Hueser and Streeter, 1929; Patten, 1948). This outgrowth, 
known as the allantois, will rapidly expand to fill the existing chorionic membrane. As the 
allantois expands, a rich blood vessel network will appear by the same process of coalescing 
blood islands, ultimately investing the entirety of the developing membrane with thin walled 
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capallaries (Patten, 1948). Once the allantois has fully expanded, it will fill the entirety of the 
exoceolomic cavity and will begin to fiise with the chorion (trophoblast and somatic 
mesoderm) to vascularize it and forai the chorioallantoic membrane, or 'true' placenta 
(Hueser, 1927; Heuser and Streeter, 1929; Patten, 1948; Perry, 1981). 
Placental Development 
The pig placenta is classified as epitheliochorial indicating that the chorionic (outer) 
layer of the placenta is in contact with uterine luminal epithelium (i.e., no invasion of the 
endometriimi occurs; Grosser, 1933; Patten, 1948; Perry, 1981; Benirschke, 1983; 
MacDonald and Bosma, 1985). The pattem of placentation in the pig is described as diffuse 
as the placental capillaries responsible for the absorption of nutrients and oxygen and the 
expulsion of wastes and carbon dioxide ranoify throughout the entire surface of the placenta, 
with the exception of the very extreme tips (which remain non-vascular and will necrose 
gaining them the name 'necrotic tips'; Patten, 1948; MacDonald and Bosma, 1985; Bjorkman 
and Dantzer, 1987). 
Chorionic ectoderm and the underlying somatic mesoderm surrounding the embryonic 
disk will begin to fold upward, giving the impression that the embryonic disk is settling into 
the blastocyst (Streeter, 1927). This is the first indication of the formation of the amnion and 
will be evident around the time of the primitive streak (day 13 to 14; Streeter, 1927; 
Sorensen, 1979). As the embryo continues to develop, the presumptive head and tail of the 
embryo will continue to grow down into the folds of extra-embryonic membrane of the 
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developing amnion (Patten, 1948). These folds will continue to proliferate enveloping the 
entirety of the embryo, finally closing above the mid-dorsal region of the embryo (Heuser and 
Streeter, 1929; Patten, 1948). The amnion will then fill with fluid and for the remainder of 
gestation will serve as a protective 'capsule' for the developing fetus (Noden and de Lahunta, 
1985). The amnion will later be vascularized upon fusion with the allantoic membrane 
(discussed below), forming the amnioallantois (Steven et al., 1982) 
The allantoic membrane begins to form as soon as the hindgut of the embryo appears 
(approximately day 17-18 of gestation; Heuser, 1927; Heuser and Streeter, 1929; Sorensen, 
1979). The allantoic sac will grow rapidly and become invested with blood vessels both from 
blood islands coalescing to form capillary networks and from outgrowth of the dorsal aorta 
and the allantoic vein forming the allantoic arteries and veins, respectively (Patten, 1948). 
The allantois grows to fill the chorion, except at the extreme tips (Heuser, 1927; Heuser and 
Streeter, 1929; Perry, 1981). The allantois will expand in diameter, causing the entire 
chorionic vesicle to swell (Patten, 1948). Fusion between the allantoic membrane and the 
chorion results in vascularization of the extra-embryonic membrane and the formation of the 
chorioallantoic membrane (Heuser and Streeter, 1929; Patten, 1948; Perry, 1981). Between 
day 30 and 35 of gestation, the yolk sac will rapidly regress and the responsibility for the 
absorption of oxygen and nutrients and the expulsion of carbon dioxide and wastes will be 
transferred to the now highly vascularized chorioallantoic membrane (Bjorkman, 1973; 
Tiedemann and Minuth, 1980; Dantzer, 1985; Bjorkman and Dantzer, 1987). Regions of the 
uterus occupied by swollen conceptuses are obvious as swollen regions of the intact uterine 
horn, each referred to as a loculus, and separated by constricted regions of the uterus 
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overlying the non-expanded, necrotic tips (Patten, 1948). 
The fully formed pig placenta will be comprised of a single, thin layer of entodermal 
cells on its fetal aspect, a connective tissue layer invested with blood vessels resulting from 
the fusion and mixing of the splanchnic mesoderm that formed the outer, vascular surface of 
the allantois and the somatic mesoderm that originally subserved the trophectoderm and 
finally the trophectoderm which will take on a simple columnar epithelial character (Dantzer, 
1985; Friess et al., 1982; Bjorkman and Dantzer, 1987; Czamowska, 1987). The surface area 
of the trophectoderm will be many-fold greater than the entoderm layer on the opposite 
surface of the placental membrane as the trophectoderm is highly folded to correspond with 
the permanent folds of the endometrium (Friess et al., 1980; Friess et al., 1982; Leiser and 
Dantzer, 1988). The surface area of contact is further increased by chorionic vilU (small 
irregular elevations in the chorionic surface; Perry, 1981; Friess et al., 1982). Irregularly 
placed throughout the surface of the placenta are macroscopically visible 'buttons' called 
areoIa(e) that correspond with the mouths of endometrial glands (Perry, 1981; Friess et al., 
1982; MacDonald and Bosma, 1985; Bjorkman and Dantzer, 1987). These areolae are 
specialized villi for the absorption of nutrients and macromolecules produced and secreted by 
the uterine glands during gestation (Perry, 1981; Friess et al., 1982; MacDonald and Bosma, 
1985; Roberts et al., 1986; Bjorkman and Dantzer, 1987). 
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Placental Growth and Function 
The most marked increase in placental length occurs between days 20 and 30 when 
the placenta increases in length nearly seven-fold (Knight et al., 1977). Increases in placental 
length asymptotically slow, reaching a plateau around day 70 (Knight et al., 1977). The 
initial rapid increase in placental length is associated with very litde change in placental 
weight. Placental weight exhibits a nearly linear increase from 0.21 g on day 20 to 
approximately 250 g on day 70 (Knight et al., 1977). Placental weight declines markedly 
between day 70 and 80 (likely through thinning and decreasing fluid content), before 
recovering and finally returning to the nearly 250 g observed on day 70 by day 100 (likely 
through growth described below; Knight et al., 1977; Biensen et al., 1998). Furthermore, 
Pomeroy (1960) has reported that placental weight markedly increases sometime after day 
100. Wilson et al. (1998) reported term placental weights for Yorkshire concepmses of 
approximately 225 g on day 90 of gestation and nearly 325 g by term. 
The surface area of the chorioallantoic membrane increases rapidly from day 35 to 
day 70 (Knight et al., 1977). On day 35 the surface area is approximately 250 cm^ whereas 
by day 70 it is approximately 1000 cm* (Knight et al., 1977; Biensen et al., 1998). By day 60 
to 70 of gestation, there exists an interlocking network of fetal and maternal microvilli, only 
furthering the massive exchange surface of the placenta (Friess et al., 1980; Bjorkman and 
Dantzer, 1987). From day 70 to 100, there is little change in placental surface area (Knight et 
al., 1977). However, sometime after day 100 there is a marked increase in the surface area of 
the placenta, reaching approximately 1500 cm^ (Biensen et al., 1998), or even doubling in 
size by day 110 (Wigmore and Strickland, 1985). The surface area for exchange is greatly 
increased, by microscopic folding, over that described by simply spreading the intact 
chorioallantoic membrane out (Bjorkman and Dantzer, 1987; Dantzer and Leiser, 1994). The 
area for contact between the chorionic ectoderm and the luminal epithelium initially alluded 
to above by the folding of the chorionic membrane into the permanent folds of the 
endometrium is markedly increased by the development of microscopic interdigitations, 
referred to as primary rugae, along the feto-matemal interface beginning around day 35 to 40 
(Friess et al., 1980; Bjorkman and Dantzer, 1987; Leiser and Dantzer, 1988; Dantzer and 
Leiser, 1994). During the final third of gestation, fiinctional surface area for nutrient and 
waste exchange is further increased by the development of an additional tier of interdigitation 
along primary rugae referred to as secondary rugae (Friess et al., 1980; Bjorkman and 
Dantzer, 1987). These microvilli are between 0.8 and 1 (j,m in length and 0.08 [im in 
diameter, numbering nearly 85 per fim" (Bjorkman, 1965). 
An important component in the function of the placenta during gestation is the 
development of a sufficient absorptive area, not only in the physical size of the placenta, but 
also the number and density of blood vessels for nutrient exchange (Friess et al., 1980; Leiser 
and Dantzer, 1988; Reynolds and Redmer, 1995; Biensen et al., 1998). By day 70 of 
gestation, the placental vasculature accounts for approximately 3.7% of the total volume of 
the chorioallantoic membrane (Biensen et al., 1998). The density of blood vessels will 
remain relatively constant during late gestation occupying 3% of chorioallantoic membrane 
volume by day 90 and 2.5% of chorioallantoic membrane volume by day 110 (Biensen et al., 
1998). Furthermore, Wilson et al. (1998) reported that in a subset of farrowed placentae the 
vascular volume was approximately 4% of placental volume. Although described as having 
all six potential tissue layers present between the maternal and fetal blood supplies (i.e., 
epitheliochorial by Grosser's classification; Grosser, 1933) the maternal and fetal capillaries 
for exchange in the pig can migrate towards each other reducing the thickness of the 
respective eptithelial layers such that the distance between endothelial cell membranes is 
approximately 2 (im (Friess et al., 1980; Friess et al., 1982). 
The primary role of the placenta is to provide for fetal nutrition, gas exchange and 
waste removal throughout gestation (Dantzer, 1982; Munro, 1986). There are four main 
pathways whereby solutes can pass from maternal blood to fetal blood (Sibley et al., 1997). 
First, is simple flow limited diffusion. Molecules like oxygen and carbon dioxide readily 
cross cell membranes and therefore their transfer from matemal to fetal circulation is only 
limited by the rate of delivery to the site of transfer (Bjorkman, 1973; Leiser and Dantzer, 
1988; Sibley and Boyd, 1992). Second, is protein mediated transport. This group is diverse 
in that the transporter proteins involved can be active transporters or passive transporters, 
symporters or antiporters, or ion channels (Sibley et al., 1997). Third and fourth are two 
types of transport whose activity in the placenta is very poorly understood: paracellular and 
endocytosis-exocytosis (Dantzer, 1982; Friess et al., 1982; Sibley et al., 1997). Paracellular 
transfer involves transfer through the extracellular fluid surrounding the cells of the placenta 
and endocytosis-exocytosis involves engulfing of solutes into an endocytotic vesicle, 
vesicular transport through the cell and exocytotic expulsion at the opposite pole, and has 
been observed in the pig in structures referred to as transfer tubules (Sperhake, 1971 [in 
Friess, 1980]; Friess et al., 1980; Dantzer, 1982; Friess et al., 1982). Simple flow limited 
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diffusion is regulated not just by the rate of maternal and fetal blood flows, but also by the 
arrangement of the endometrial and placental vasculature with respect to each other (Carter, 
1989; Carter and Myatt, 1995). These arrangements are generally described as how closely 
they reflect particular fluid mechanical models, and include concurrent, crosscurrent and 
countercurrent (Carter, 1989). Of these, concurrent is least efficient (50% theoretical 
maximal transfer), countercurrent is most efficient (100% theoretical maximal transfer) and 
crosscurrent somewhere in between (Carter, 1989). In the pig, placental transfer of fireely 
diffusible nutrients appears to rely on a vascular anatomy that is either concurrent or possibly 
crosscurrent (MacDonald et al., 1980; Friess, 1982) Transporter protein mediated transfer 
relies on the density and relative activity of the transporters and is generally not limited by the 
rate of blood flow and in the pig appear to be concentrated in the troughs of the chorionic 
folds (adjacent to the ridges of endometrial folds; Friess et al., 1980; Friess et al., 1982; 
Poston, 1997; Sibley et al., 1997). Transported solutes include, but are not lindted to 
glucose, amino acids and ions like sodium, potassium, calcium and protons (Davies, 1960; 
Battaglia, 1986; Faber and Thomburg, 1986; Lester, 1986; Sibley et al., 1997). In addition to 
transfer that occurs across the interface between the uterine luminal epithelium and chorionic 
epithelium, there is transfer of large macromolecules (i.e., uteroferrin) produced in the 
endometrial glands and absorbed intact by the placental areolae (Perry, 1981; Friess et al., 
1982; Roberts et al., 1986; Leiser and Dantzer, 1994). 
Chinese Meishan Pig 
History 
The Chinese have been domesticating pigs for at least 7000 years (and possibly as 
many as 10,000 years; Peilieu, 1985; Yun, 1988). There are over 100 breeds of pig which 
exist in China, and each has been selected for optimal performance in the unique conditions 
of a given region of China (Epstein, 1969). Farmers in the Changjiang river basin, in an area 
known as the Taihu region, experience a mild climate and have been selecting pigs for 
thousands of years for their prolificacy (Peilieu, 1985; Mao, 1995). In 1974, several closely 
related strains of Chinese pigs were grouped together into the Taihu breed (named after the 
region in China where they are found; Cheng, 1983; Jin et al., 1992; Mao, 1995). These 
strains are known for their outstanding reproductive performance; attaining puberty at 60 to 
100 days of age (Jin et al., 1992), producing very large litters, and exhibiting very good 
mothering ability (Cheng, 1984). However, they exhibit very poor carcass characteristics by 
U.S. standards (i.e., poor yield, high fatrlean, and thick backfat; Cheng, 1984; Zhang et 
al.,1983; Sellier and Legault, 1986). The Meishan pig, one of the varieties included in the 
Taihu breed, gives birth to three to five more pigs per litter than our high producing U.S. pig 
breeds like the Yorkshire, even at ages when the two breeds exhibit similar ovulation rates 
and uterine sizes (Zhang et al., 1983; Cheng, 1983; Sellier and Legault, 1986; Bazer et al., 
1988b; Jin et al., 1992; Chai, 1993; Christenson, 1993; Haley, 1995; Biensen et al., 1998). Li 
1989, males and females from seven different families of Meishan pigs were imported to the 
United States and herds were established at the USDA's Roman L. Hruska, Meat Animal 
Research Center in Clay Center, Nebraska, the University of Illinois in Urbana, Illinois, and 
Iowa State University in Ames, Iowa (Youngs et al., 1993). It was believed that elucidation 
of the mechanism(s) whereby the Chinese Meishan pig could produce such large litters in the 
face of similar ovulation rates and uterine sizes when compared to our domestic commercial 
breeds, would pave the way towards improving litter size in commercially important pig 
breeds. 
Reproductive Function 
By approximately two months of age, Meishan females will exhibit their pubertal 
estrus (Jin et al., 1992), as compared to U.S. and European pig breeds which reach puberty 
between 6 and 9 months of age (Anderson and Melampy, 1972; Diekman et al., 1983). The 
length of estrus varies from 2-3 days, which is similar to that of U.S. and European pig 
breeds (Jin et al., 1992; Anderson et al., 1993). Furthermore, the length of the estrous cycle 
is similar for the Meishan, U.S. and European pig breeds, lasting an average of 21 days with a 
normal range of 18 to 23 days (Cheng, 1983; Jin et al., 1992; Anderson et al., 1993). 
Contrary to early speculation (Bazer et al., 1988), Meishan females ovulate within the same 
interval after the onset of estrus as U.S. and European pigs: approximately 36 to 48 h 
(Youngs et al., 1993; Youngs et al., 1994; Ford, 1997). For the first 3 to 5 post pubertal 
estrous cycles (i.e., the same reproductive age), there is no difference in the ovulation rate 
between Meishan and domestic crossbred sows (Christenson, 1993; Youngs et al., 1993; 
Youngs et al., 1994; Rivera et al., 1996). However, whereas ovulation rate in U.S. and 
European pig breeds tends to plateau at approximately 14 to 16 after the first three to five 
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postpubertal estrous cycles, the ovulation rate in the Meishan continues to increase 
throughout its reproductive life is reaching 30 to 40 ova shed in older multiparous sows 
(Cheng, 1983; Christenson, 1993). 
Conceptus Development 
Initial embryonic development in the Meishan is similar to that of the commercially 
relevant U.S. and European pig breeds in which comparisons have been made (Youngs et al., 
1993; Youngs et al., 1994). By 48 to 54 hours after the onset of estrus, Meishan embryos are 
oviductal and will contain 1 to 8 cells (Ford and Youngs, 1993; Youngs et al., 1993; Youngs 
et al., 1994; Ford, 1997). When these oviductal embryos were cultured for 6 days in vitro, 
similar percentages of both Yorkshire and Meishan embryos developed into blastocysts 
(Youngs et al., 1993). The first discemable difference in embryonic development between 
Meishan embryos and those of commercially relevant breeds, is seen by day 5.5 to 6 of 
gestation. Morula stage embryos from both Meishan and Yorkshire females contain similar 
numbers of cells; however, Meishan embryos that had reached the blastocyst stage had 
significantly fewer trophectodenn cells when compared with Yorkshire embryos (Youngs et 
al., 1993). The difference in cell number between Meishan and Yorkshire early blastocysts 
has been attributed to a reduced trophectoderm mitotic rate (Rivera et al., 1996). In support 
of this, Ashworth et al. (1990) found no difference in the size of embryos collected on days 4 
to 5 of pregnancy from Meishan or Landrace x Large White gilts. 
When embryos were collected on day 12 of gestation, Meishan embryos were 
significantly smaller than Yorkshire embryos (Anderson et al., 1993). They found that there 
was a similar distribution of littermate embryo diameters (i.e., developmental asynchrony) 
within the Meishan and the domestic pig breeds. In a summary of large numbers of litters 
collected over several years, Ford (1997) confirmed that the differences seen between 
Meishan and Yorkshire embryos around the time of elongation were a result of similar 
distribution of embryo stages (i.e., before, during and after elongation), but a smaller mean 
diameter for Meishan as compared with Yorkshire embryos. This reduced size appears to 
result firom the decreased trophectoderm mitotic rate observed on day 5 to 6 of gestation 
(Rivera et al., 1996) that is maintained until day 12 of gestation (Wilson and Ford, 1997). 
Meishan embryos contained less estradiol-17P on day 12 of gestation than similar stage 
Yorkshire embryos (Anderson et al., 1993). The markedly reduced embryonic synthesis and 
secretion of estradiol-17P by Meishan as compared to Yorkshire preimplantion embryos is 
associated with reduced levels of estradiol-17p, total protein, calcium, oxytocin and IGF-I in 
the flushings associated with these embryos (Anderson et al., 1993; Ford and Youngs, 1993; 
Wilson and Ford, 1997; Vallet et al., 1998). Using reciprocal embryo transfer to investigate 
the role of the embryo and its environment on the decreased size of Meishan day 12 embryos 
as compared to the day 12 Yorkshire embryo, it was determined that Meishan embryos were 
always smaller than Yorkshire embryos when gestated in either a Meishan or Yorkshire 
uterine environment (Youngs et al., 1994). Additionally, both breeds of embryo exhibit a 
marked reduction in diameter and cell number when gestated in a Meishan as compared to 
Yorkshire uterus (Youngs et al., 1994). When day 12 ovoid embryos (i.e., embryos initiating 
elongation) of both breeds, recovered from Yorkshire females, were compared, the Meishan 
ovoid embryos were composed of approximately 2/3 the number of cells than the Yorkshire 
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ovoid embryos (Youngs et al., 1994). Finally, Wilson et al. (1995) found that on day 14 of 
gestation, Meishan filamentous embryos were shorter and contained fewer cells than 
Yorkshire embryos. 
Several investigators (Youngs et al., 1994; Anderson et al., 1993; Pope, 1994) have 
suggested that the reduced growth rate and/or the reduced absolute variation in embryo sizes 
may allow more Meishan embryos to survive the critical period of embryo mortality. In 
support of this hypothesis. Ford et al. (1988), utilizing three strains of miniature swine which 
exhibited similar ovulation rates, but different litter sizes, demonstrated that preimplantation 
embryos from the more prolific strain contained markedly fewer cells on days 9, 10, and 11 
of gestation, than the less prolific strains and yet embryos of all three strains elongated 
synchronously with respect to the onset of estrus. 
As discussed below, at some point after day 30 the capacity of the utems begins to 
limit the number of fetuses which survive to term (referred to as fetal mortality). Uterine size 
for Meishan, U.S. and European pig breeds is the same, when adjusted for slaughter weight 
(Bazer et al., 1988a; Galvin et al., 1993; Lee et al., 1995; Biensen et al., 1998; Wilson et al., 
1998). Therefore, in order for the Meishan to increase litter size it must increase the 
percentage of embryos that survive to day 30, and also increase the number of conceptuses 
that can successfully occupy the uterus to term. In association with the decreased length of 
the Meishan as compared to the Yorkshire elongated embryo, the Meishan has a markedly 
decreased placental size on days 30, 70,90,110 and at term, when compared to that of the 
Yorkshire conceptus (Ashworth et al., 1990; Ford et al., 1994; Hunter et al., 1994; Rivera et 
al., 1994; Biensen et al., 1995; Biensen et al., 1996; Biensen et al., 1998; Wilson et al., 1998). 
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This decreased placental size allows more of the embryos surviving to day 30 to colonize the 
uterus (Ashworth et al., 1990; Ford at al., 1994). The problem of nutrient allocation would 
be expected to be hampered by the reduced placental size of the Meishan; however, when 
Meishan and Yorkshire littermate conceptuses are co-gestated in either a Meishan or 
Yorkshire uterine enviroimient, the piglets will have similar birth weights (Wilson et al., 
1998a; Wilson et al., 1998b). The similarity in piglet weights in the face of marked 
differences in placental weight results from a tremendous increase in the density of blood 
vessels in the Meishan placenta as compared with that of the Yorkshire placenta during the 
final third of gestation (Biensen et al., 1998). 
Conceptus Survival 
The profitability of swine production is significantly impacted by reproductive 
efficiency. The number of live piglets farrowed per litter is one of the most important 
components of sow productivity (Lawrence, 1993). It has been estimated that an increase of 
a single piglet per litter would allow the industry to produce the same number of pigs from 
10% fewer litters. Based on nearly 9 million litters bom per year currently, the increase in 
litter size of one pig would allow a reduction in the number of litters produced by 900,000 
(NASS, 1998). Such a reduction would save the swine industry nearly $32 million dollars a 
year in feed costs alone, while generating the same number of pigs. Pork producers average 
approximately 1.8 litters per sow per year, and 8.8 pigs per litter (NASS, 1999), which is far 
from optimal when one considers that ovulation rate is 14 to 16 (Christenson, 1993), of 
which 95% are fertilized (Polge, 1982) and sows have between 12 and 14 functional teats. 
Litter size can be impacted by a number of different physiologic factors including ovulation 
rate, fertilization rate and conceptus mortality (Johnson et al., 1985). Normally, ovulation 
rate and fertilization rate are not limiting. However, between 30 and 40% of conceptuses are 
lost during gestation (Dziuk, 1985; Pope and First, 1985; Pope et al., 1986a; Dziuk, 1987; 
Pusateri et al., 1990; Pope, 1994). During the early 20'^' century, it had become obvious that 
counting the number of corpora lutea present on the surface of the ovary was a good 
indication of the number of ova shed at ovulation (Comer, 1923). Furthermore, it was noted 
that as gestation proceeded, the number of conceptuses present was almost always less than 
the number of corpora lutea (Comer, 1923). Since that time, many investigators have 
attempted to better understand the time course, degree, and cause of conceptus mortality in 
the pig (reviewed in Pope, 1994). Typically, conceptus mortality is referred to as embryonic 
if, occurring on or before day 30; and fetal if, occuning between day 30 and term (Dziuk, 
1987; Pope, 1994). 
Embryo Mortality 
Little to no embryonic loss occurs during the first 10 days of gestation (Polge, 1982), 
which is prior to the stage when embryos will signal their presence to their mother by 
synthesizing and secreting estradiol-17P (Polge et al., 1966). However, as the uterine luminal 
concentrations of estradiol-17P begin to increase as a result of the largest most advanced 
embryos in a litter beginning to secrete estradiol-17P, the percent embryo mortality (i.e., the 
number of embryos divided by the number of corpora lutea) begins to increase (reviewed in 
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Pope, 1994). This embryo mortality will occur between days 12 to 18 of gestation, and will 
result in approximately 30% of the embryos in a litter being lost (Pope, 1994). The loss is 
believed to result from changes induced by the embryonic estradiol-17P in the fimction of the 
endometrium and the composition of the uterine environment- Embryo mortality is believed 
to result from asynchrony in the developmental stages of embryos found in litters 
immediately preceding and during this period from day 12 to 18 of gestation (Pope et al., 
1990). 
Diversity in the degree of littermate embryo development is evident as early as the 
second cleavage division (i.e., 4-ceUed stage) and increases throughout the preimplantation 
period (i.e., the first 11 to 12 days of gestation; Hunter, 1974). A number of investigators 
have reported finding litters containing a wide distribution in embryos sizes and 
morphologies on days 11 to 13 of gestation within a given litter (i.e., filamentous embryos > 
100 mm in length in the same hom as spherical embryos less than 10 nrai in diameter, 
Streeter, 1927; Heuser and Streeter, 1929; Anderson, 1978; Geisert et al., 1982b; Pusateri et 
al., 1990; Anderson et al., 1993). 
Little difference exists in the cytologic character of, or the biochemical secretion 
from, the uterine endometrium for the first 8 to 10 days of both the estrous cycle and early 
pregnancy. During this 8 to 10 day interval, endometrial function relies on ovarian steroid 
secretions which are not different between the estrous cycle and pregnancy (Davis and Blair, 
1993; Hafez 1993d). Once the pig embryo initiates the synthesis and secretion of massive 
quantities (ng/day) of estradiol-17P on or about day 11 of gestation a very marked divergence 
between both the cytology and biochemical secretions of the endometrium is evident between 
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pregnant and cyclic females (Comer 1921; Geisert et al., 1982b). Prior to the secretion of 
conceptus estradiol-17p, uterine epithelial cells will progressively increase in size, likely 
synthesizing and storing a variety of growth factors and other biochemicals required by the 
late preimplantation spherical or elongating embryo. During the rapid development of the 
spherical embryo, and coincident with the initiation of embryonic estradiol-17P synthesis and 
secretion, an almost unbelievable secretion of endometrial biochemicals is initiated markedly 
altering the composition of the uterine luminal fluid. In an attempt to characterize this 
massive number of biochemicals synthesized, stored and eventually secreted, a number of 
authors have compared the composition of uterine luminal contents between peri-
implantation pregnant females and cyclic females (Murray et al., 1972; Basha et al., 1980a; 
Basha et al., 1980b; Geisert et al., 1982a; Fazleabas et al., 1984; Young et al., 1987; Roberts 
and Bazer, 1988; Stroband and van der Lende, 1990; Roberts et al., 1993). It is important to 
note at this point that in the absence of a signal from the embryo around day 11-12 initiating 
endometrial secretion, there is a notable decrease in endometrial epithelial cell size, and some 
amount of these endometrial biochemicals wiU be secreted around day 13 to 15 of the estrous 
cycle. This secretion in the absence of the embryo is likely a result of increasing 
concentrations of estrogens of ovarian origin as females who failed to conceive are entering 
proestrus and estrogen production by preovulatory follicles are elevating systemic levels of 
estrogen. It is believed (and I will provide evidence below) that the signal for endometrial 
secretion of growth factors and other biochemicals is primarily a result of endometrial 
exposure to estrogen, either in the form of a sudden marked increased in estradiol-17[3 of 
embryonic origin on day 11 to 12, or in the form of a slow progressive increase in follicular 
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estrogens beginning around day 13 to 15 of the estrous cycle. 
Embryo Induced Changes in the Uterine Environment. Geisert et al. (1982a) 
conducted somewhat classic series of experiments to determine not only the difference 
between the uterine luminal biochemistry of cyclic vs early pregnant females, but also a likely 
mechanism whereby the embryo could evoke such change in the function of the 
endometrium. The first of these experiments measured luniinal concentrations of a number 
of estrogens (including estradiol-17p, estrone, estradiol-17p sulfate and estrone sulfate), 
prostaglandins, total protein and calcium. They determined that in non-pregnant animals 
luminal concentrations of all the estrogens measured were low throughout the period from 
day 10.5 to 14. In marked contrast, they found that estrogen levels dramatically increased 
(nearly 4-fold to 2.3 ng) on days 11 to 12 of gestation in association with the rapid increase in 
conceptus diameter in pregnant females. Furthermore, by day 14 (after the embryos had 
completed elongation) that estrogen levels had decHned. Around day 11, and in association 
with the marked increase in conceptus estrogen secretion, there was a marked increase in 
luminal concentrations of calcium in pregnant females, in marked contrast to the unchanging 
uterine luminal concentrations of calcium in the cyclic female. The total protein 
concentration in uterine luminal fluid increased approximately 4-fold from days 12 to 14 in 
the non-pregnant animals and has been previously reported to peak about day 15 before 
declining to low levels by day 18 (Murray et al., 1972). The initial increase in protein 
concentration in uterine luminal fluid of pregnant gilts occurred about one day earUer than in 
non-pregnant gilts, on about day 11, again, coincident with the increase in uterine luminal 
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estrogen, and continued to increase to day 14 and remained high throughout gestation (Basha 
et al., 1980a). Prostaglandins E and F were both low, but detectable in the flushings from 
both pregnant and cyclic gilts on day 10.5. The levels of both prostaglandins remained low in 
the cyclic gilts, however, beginning on day 11 the levels of both prostaglandins in uterine 
luminal fluid increased markedly, reaching a 20 fold increase by day 12. 
Estrogen Induced Changes in the Uterine Environment. To test the hypothesis that 
the embryo was directly altering the uterine environment (opposed to a programmed pattern 
of endometrial function separate from the embryo), Geisert et al. (1982c) treated non­
pregnant females with exogenous estrogen (5 mg of estradiol valerate) and measured several 
of the constituents making up the biochemical milieu of the uterine lumen. The single 
injection of estradiol valerate on day 11 caused a marked transient, 5-fold increase in uterine 
luminal calcium, lasting approximately 24 hours, similar to that observed for the pregnant pig 
(Geisert et al., 1982c). Uterine luminal total protein concentrations began increasing within 
one hour of estrogen administration and increased better than 4-fold within 24 hours in 
response to the estrogen administration, unlike oil injected controls which did not exhibit an 
increase in uterine luminal total protein until 48 to 72 hours after the estrogen administration 
(i.e., day 13 to 14 of the estrous cycle, a time when circulating levels of ovarian estrogens are 
rising). Finally, the 5 mg dose of estradiol valerate caused an increase in the uterine luminal 
concentration of prostaglandin E when compared to oil injected controls (Geisert et al., 
1982). Five mg of estradiol benzoate injected on day 11.5 resulted in a 2.5-fold increase in 
prostaglandin F. 
Littermate Diversity and Embryo Mortality. Evidence implicating littermate diversity 
(Pope et al., 1988) as a cause of embryonic mortality in the pig comes from asynchronous 
embryo transfer experiments. When embryos were collected on days 5 and 7, were 
transfeired to recipient females on day 6 of their estrous cycle, and allowed to develop to 
days 11.5,60, or 70, there was reduced embryo mortality for transferred day 7 embryos as 
compared to transfeired day 5 embryos, especially in recipient females allowed to gestate 
concepmses to day 60 or 70 (Pope et al., 1982). Additional evidence that the diversity within 
a litter per se was a culprit in embryo mortality, and not that the less developed embryos were 
inherently less viable came in the form of experiments in which embryos were collected on 
day 7.5 of gestation and the 4 to 5 smallest and 4 to 5 largest blastocysts were isolated (Wilde 
et al., 1988). The embryos were then transferred to recipient females that had either a 
synchronous uterine environment (i.e., in estrus within 6 hours of the donor females) or a less 
advanced uterine environment (i.e., in estrus one day after the donor females) and which had 
the uterine homs isolated to prevent transuterine migration. The smallest 4 to 5 embryos 
were then transferred to one hom and the largest 4 to 5 embryos to the other uterine horn. 
The embryos were then recovered on day 12.5 of gestation. In synchronous recipient 
females, 38.3 ± 5.8 percent of the smallest 4 to 5 embryos had survived and 73.9 ± 5.8 
percent of the largest 4 to 5 embryos had survived. In the 24 hour less advanced recipient 
females, 75.4 ± 6.6 percent of the smallest 4 to 5 embryos had survived and 70.7 ± 6.6 
percent of the largest 4 to 5 embryos had survived. These data indicate that the smallest 
embryos in a litter are not inherently less viable than the largest embryos, but that their 
development may be significantly delayed (Wilde et al., 1988). 
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Furthermore evidence indicating that littermate embryo diversity is one of the main 
cause of embryo mortality came from experiments in which investigators have tried to 
artificially accelerate changes in the uterine environment, by injecting estrogen. Geisert et al. 
(1982c) demonstrated that administration of estradiol valerate to cyclic females on day 11 of 
their estrous cycle resulted in alterations in the composition of uterine histotroph similar to 
that seen in pregnant females around days 11 to 12 of gestation after secretion of embryonic 
estradiol-17p. Employing this experimental model, Geisert et al. (1991) administered 
estradiol-17P to pregnant gilts either on day 10.5 (prior to any embryonic production of 
estradiol-ivp) or on day 12 (coincident with embryonic production of estradiol-17(3) and 
determined the amount of embryo mortality that had occurred by day 23 of gestation. These 
authors found that none of the females that had estradiol-17p administered on day 10.5 of 
gestation remained pregnant to day 23. However, 5 of the 7 gilts that had estradiol-17P 
administered on day 12 remained pregnant until day 23 of gestation. Morgan et al. (1987) 
have shown that administration of estradiol-17P on day 9, or 9 and 10 of gestation, has no 
obvious effects on the embryos if they are collected prior to elongation (i.e., when they are 
flushed from one uterine hom on day 11). However, if the other uterine horn was flushed on 
day 16 of gestation and its contents examined for degenerating embryos, none of the control 
females had degenerating embryos, whereas, one-half of the females that had estradiol-17p 
administered on day 9 and all of the females that had estradiol-17P administered on day 9 and 
10 of gestation contained degenerating embryos. Indicating that the effects of the earlier 
initiation of estradiol-17p synthesis and secretion by the most advanced embryos in a litter is 
not directly embryocidal, but that the changes in the uterine enviroiunent that result from 
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estradiol-lVP exposure render the uterine environment inhospitable to any embryos that may 
be lagging behind in development. 
Fetal Mortality 
Experimental methods exist which increase the number of embryos in the uterus (or 
decrease the amount of uterus without affecting the number of embryos); however, a 
relatively constant 30% of the embryos are lost between day 12 and 18 (Dziuk, 1968; 
Christenson et al., 1987; Dziuk, 1987). These methods include superovulation, 
superinduction and unilateral hysterectomy-ovanectomy. Superovulation relies on 
exogenous gonadotropins to stimulate the development of greater than normal numbers of 
follicles, increasing ovulation rate. Superinduction employs the transfer of embryos to the 
uterus of an already pregnant female, increasing only the number of embryos present. 
Unilateral hysterectomy-ovariectomy involves the removal of one uterine hom and the 
ipsilateral ovary. This technique relies on ovarian hypertrophy, or the production of similar 
numbers of ovulations from the remaining ovary as would occur across both ovaries of an 
intact female, but with approximately half the uterine space to carry conceputses (Christenson 
et al., 1987). Significantly more embryos are present in the uterus prior to day 30 in 
superovulated and superinduced females, and similar numbers of embryos but significantly 
reduced uterine capacity in unilateral hysterectomy-ovariectomy females when compared 
with intact controls. Sometime between day 30 of gestation and term, additional embryos are 
lost such that superovulated and superinduced females wiU give birth to numbers of piglets 
similar to those found in untreated controls. Li contrast, unilateral hysterectomy-ovariectomy 
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results in approximately one-half the number of piglets as the intact controls (Dziuk, 1968; 
Dhindsa and Dziuk, 1968; Pope et al., 1972, Fenton et al., 1972; Huang et al., 1987; Pere et 
al., 1997). 
Role of Gene Expression During Development 
The study of developmental biology has for some time now focused on the role of 
differentially expressed gene products in determining both the timing and pattern of 
development. Generally, these studies have focused on the 'model' organisms (i.e., 
Lytechinus variegatus, Caenorhabditis elegans, Drosophila melanogaster, Brachydanio 
rerio, Xenopus laevis, Gallus domesticus and Mus musculus) and have employed both 
classical identification of mutant phenotypes and their underlying cause, as well as directed 
mutation of specific gene products and their resultant mutant phenotypes. The former is quite 
time consuming and expensive, especially in a livestock species, as it requires the generation 
of mutants, use of those mutants to generate F1 progeny, interbreeding of the F1 generation to 
create an F2 generation in which the inheritance of the mutant can be determined. The latter 
is much more applicable to larger animals with long generation intervals, but requires some 
knowledge of gene products of interest and the available technology for producing directed 
mutations in the organism of study. Although methods are currently being developed to 
generate directed mutations in pigs, virtually nothing is known about the pattern of gene 
expression during development. As the events described above characterizing embryonic and 
placental development in the pig are unique to livestock species (if not unique to the pig 
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alone), little can be gleaned from advances in rodent and human embryogenesis, even though 
they serve as the model organisms for mammals Neither the rodent nor the human embryo 
undergoes a long period of preimplantation development, elongate or exhibit an 
epitheliochorial placentation. To begin to characterize the pattern of gene expression in an 
efficient, unbiased way, one needs to be able to simultaneously assess the expression level of 
a large number of RNA molecules of varying abundance, size and sequence. RNA 
fingerprinting using differential display Qaang and Pardee, 1992) has evolved as a powerful 
tool for just these kind of comparisons, readily determining alterations in gene expression in a 
wide variety of cell types responding to a number of different stimuli Qliang and Pardee, 
1992; Ralph et al., 1993; Perucho, et al., 1995; McClelland et al., 1994; McClelland et al., 
1995). 
Originally introduced by Liang and Pardee (1992) RNA fingerprinting involves 
several key steps. First, RNA (either total cellular RNA or specifically messenger RNA) is 
isolated and reverse transcribed to generate a complementary strand of DNA. This 'first 
strand' of DNA can then be amplified by the polymerase of chain reaction (PCR; Erlich, 
1995). The amplification step serves two functions, allowing the production of sufficient 
numbers of copies of a particular sequence for visualization from often very limiting amounts 
of starting material and the incorporation of a radioactive nucleotide to increase the 
sensitivity of detection. Separation of the labeled, amplified sequences via denaturing 
polyacrylamide gel electrophoresis, allows one to identify amplification products unique to 
one starting phenotype and not the other(s) (liang and Pardee, 1992). Nucleotide sequences 
thus isolated can then be cloned, sequenced and used in down stream applications to both 
46 
further investigate the expression patterns as well as begin to identify the nature of the 
differentially expressed gene (liang and Pardee, 1992; McClelland et al., 1995). 
To date, the major drawback to the use of RNA fingerprinting is the high rate of 
generation of false positives (i.e., amplification products that appear to be differentially 
expressed, but are not). Ralph et al. (1993) reported on modifications of the originally 
described differential display technique, referring to the modified technique as RNA 
arbitrarily primed-PCR (RAP-PCR). The modifications were designed to ameliorate the 
problems of generating false positives and included the use of two arbitrary 10 to 11 base 
oligonucleotides as primers for first strand synthesis as well as amplification, serial dilution 
of the template RNA to account for minor differences in abundance of specific RNA species 
and a low stringency (i.e., 35°C) annealing step generating fingerprints of desirable density 
(i.e., 5-250 products) in the size range 100-700 bases (Mathieu-Daude et al., 1996). The 
generation of cDNA from three serial dilutions of RNA from a given template in otherwise 
identical reactions eliminates spurious bands produced in low-probability initiation events 
(McClelland et al., 1995; Mathieu-Daude et al., 1996). This range of dilutions is a more 
sensitive test for false positives than mere duplicate reactions, since it controls for variation 
between RNA concentrations in the sample due to inaccuracies in RNA quantitation. Bands 
that are produced from all three dilutions of RNA from a given template are highly likely to 
represent firagments of transcripts in that template sample (Welsh et al., 1992; Williams et al., 
1993). Amplification products that meet this criterion and are present in at least one, but not 
all the templates under comparison are provisionally assumed to represent transcripts fi-om 
genes that have been modulated during development (Welsh et al., 1992; Williams et al., 
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1993; McClelland et al., 1995; Madiieu-Daude, et al., 1996). 
The modifications of the RAP-PCR technique also mitigate the second difficulty 
commonly encountered in differential display techniques, which occurs at the step of cloning 
the amplification products of interest out of the fingerprinting gel (Welsh et al., 1992; 
WiUiams et al., 1993). In the original technique, the bands were eluted from the 
polyacrylamide gel and reamplified, using the same conditions as were used to generate the 
fingerprint, for cloning (Welsh et al., 1991; Welsh et al., 1992; Williams et al., 1993). 
Unfortunately this step frequently resulted in preferential amplification of contaminating 
sequences that have migrated to the same position on the fingerprint gel (which only 
separates amplification products by size), but do not represent differentially expressed genes. 
As a result, the probes derived from these clones must be extensively screened to separate 
those that represent differentially expressed sequences from those that represent background. 
To mitigate the problem of excess background, a technique of secondary purification is used, 
in which the products from the same area of the fingerprint gel in both positive and negative 
RNA samples are separated on a non-denaturing, single strand conformational polymorphism 
polyacrylamide gel (Hongyo et al., 1993; Hayashi et al., 1991). This procedure has been 
reported to greatly increase the accuracy of cloning the target RNA to the exclusion of other 
contaminating co-migrating products that are not differentially expressed (Mathieu-Daude, et 
al., 1996). 
Long lists of factors (i.e., growth factors, hormones, binding proteins, adhesion 
molecules, etc.) present in uterine luminal fluid and endometrial and conceptus tissues 
throughout the preimplantation period in the pig exist (Godkin et al., 1982; Geisert and 
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Yellich, 1997; partially summarized in Table 1). The proposed function or functions of these 
factors in preimplantation conceptus survival/development remain unclear, or are based on 
their reported fimction(s) in other species and/or tissues. In essence, we still lack a basis for 
determining how the elongation process is initiated, maintained and/or terminated. 
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STATEMENT OF THE PROBLEM 
Increasing litter size continues to be considered by the swine industry one of the most 
important factors in increasing sow productivity. Relatively little progress has been made in 
increasing litter size in the last 80 years, despite considerable interest and effort toward that 
end. In the past, efforts towards improving litter size had been focused from the 
physiologist's perspective on the problem of early conceptus mortality, and from the 
geneticist's perspective on selection for increased litter size and selection for the components 
of litter size (most notably ovulation rate and uterine capacity). Our current understanding of 
the controls of litter size, based on our work with the prolific Chinese Meishan breed, have 
led us to decrease the emphasis on embryonic loss alone and begin to focus on the extent of 
conceptus development and how that is impacted by, or impacts, uterine size. Nearly a 
decade of experiments comparing the Chinese Meishan pig with the Yorkshire have led to an 
understanding of the role of placental size and vascularity in controlling the potential for a 
large litter. We have also gleaned some understanding, although indirect, of the relationship 
between a small embryonic size before, during and after elongation and placental size later in 
gestation. 
Meishan conceptuses first exhibit a marked reduction in size as early as day five of 
gestation, when compared with a Yorkshire concepms, and this reduced size is maintained 
throughout gestation. Our first major clue as to the relative value of the size and efficiency of 
the placenta came from an experiment in which we co-transferred embryos collected from 
both Meishan and Yorkshire donor females to Yorkshire recipient female and allowed her to 
gestate them until term. To our amazement, both Meishan and Yorkshire piglets were bom at 
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a similar weight, with Yorkshire piglets developing on placentae nearly 70% heavier than 
those for their Meishan litter mates. We then began investigating both the pattern of growth 
(i.e., size and weight) and vascularity in late gestation Meishan and Yorkshire conceptuses. It 
was observed that Yorkshire conceptuses increase the size and weight of their placentae 
throughout the last third of gestation with little change in the density of blood vessels in the 
chorioallantoic membrane. In contrast, Meishan conceptuses tend to maintain a relatively 
constant placental size throughout the last third of gestation while markedly increasing the 
vascular density of the chorioallantoic membrane. 
We then looked back at the data we had collected during early gestation, indicating 
that Meishan embryos grow slower during preimplantation development and elongate to a 
reduced length prior to attachment to the uterine wall, when compared with Yorkshire 
embryos. It was felt that we might have found both the initial cause (reduced growth rate 
early in gestation) and the late gestation phenotype (reduced placental size with a 
concomitant increase in placental vascularity) that allows the Meishan breed to give birth to 3 
to 5 more pigs per litter than the Yorkshire contemporaries. 
To extend our findings in the Meishan to breeds of pig that have commercial 
relevance to the swine industry, we needed to understand several key factors. First, was there 
significant variation in placental size and vascularity in a domestic pig breed from which we 
could begin to select towards a smaller more vascular placenta. Second, in order to better 
understand the factors that contribute to placental size and vascularity, and attempt to confirm 
the observed association between the size of an embryo before, during and after elongation 
and ultimate placental size, we needed to explore how modulation of the environment around 
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the time cf elongation affected ultimate placental size and efficiency. Third, based on both 
the observed association between embryonic size around the time of elongation and placental 
size and efficiency, as well as the experimental evidence gathered as a part of this project, we 
felt that characterization of the factors involved in early embryonic growth and elongation 
would likely impact the long term goal of increasing the reproductive efficiency of the sow, 
ultimately increasing the efficiency of pork production. 
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NOVEL INSIGHT INTO THE CONTROL OF LITTER 
SIZE IN THE PIG, USING PLACENTAL EFFICIENCY 
AS A SELECTION TOOL 
A paper published in the Journal of Animal Science'-^ 
Matthew E. Wilson, Nina J. Biensen, and Stephen P. Ford 
Abstract 
The Chinese Meishan pig gives birth to three to five more pigs per litter than less-
prolific U.S. or European pig breeds as a result of a markedly decreased placental size and an 
increased piglet weight:placental weight ratio (placental efficiency). We hypothesized that as 
a result of their intense selection for prolificacy, the Chinese had indirectly selected for a 
smaller, more efficient placenta in the Meishan breed. The goals of this study were to 
determine whether 1) significant variation in placental size and efficiency existed within our 
population of purebred Yorkshire pigs and 2) selection of piglets (boars and gilts) based on 
^ Journal paper number J-17947 of the Iowa Agricultural and Home Economics Experiment 
Station, Ames, Projects 3505 and 0200, and supported in part by Hatch Act and State of Iowa 
Funds. 
" Reprinted with permission of the American Society of Animal Science firom the Journal of 
Animal Science 77:1654-1658 (1999) 
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clear differences in placental size and efficiency would affect litter size. We found that there 
was significant (approximately threefold) variation in placental efficiency in our herd of 
Yorkshire pigs, with marked (approximately twofold) variation existing within individual 
litters. We then selected piglets (boars and gilts) that had either a higher (A Group) or lower 
(B Group) than average placental efficiency. Although the birth weights of selected A Group 
piglets were similar to those of the B Group piglets, they had markedly smaller placentae. 
We bred males from each group (A or B) to the females of the same group and collected 
farrowing data fi^om parities 1 and 2. In both parities, A Group females farrowed more live 
piglets per litter than did B Group females (12.5 ± .7 vs 9.6 ± .5, P < .05). Although A Group 
piglets were on average approximately 20% lighter than B group piglets (1.2 ± .1 vs 1.5 ± .1 
kg, P < .05), their placentae were approximately 40% lighter (250 ± 10 vs 347 ± 15 g, P < 
.01), resulting in a marked increase in placental efficiency. The results of this study suggest 
that selection on placental size and efficiency may provide a valuable tool for optimizing 
litter size in commercially important pig breeds. 
Key Words: Pig, Litter size. Placenta 
Introduction 
For over a decade, this laboratory and others have investigated the physiological basis 
for the greater prolificacy (3 to 5 more piglets/litter) of the Chinese Meishan pig when 
compared with U.S. or European pig breeds (Sellier and Lcgualt, 1986). It is currenUy 
accepted that the tremendous asynchrony of development of littermates during the 
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preimplantation period is largely responsible for the high rate of embryonic loss (30 to 40%) 
in U.S. and European pig breeds (Dziuk, 1987; Pope, 1994). Immediately preceding to this 
period of significant loss, the pig embryo starts growing very rapidly and initiates synthesis 
and secretion of estradiol-17p. The estradiol-17P produced by the most advanced embryos in 
a litter alters the uterine environment to the detriment of the less developed littermate 
embryos (Anderson, 1978; Pope, 1994). It was determined that Meishan conceptuses exhibit 
a reduced Crophectoderm mitotic rate during preimplantation development, produce less 
estradiol-17P, exhibit a decreased length after elongation, and develop a smaller placenta 
than concepmses of U.S. or European pig breeds (Ashworth et al., 1990; Rivera et al., 1997; 
Wilson and Ford, 1997; Biensen et al., 1998; Wilson et al., 1998). We hypothesize that the 
slower growth rate and decreased estradiol-17p secretion of littermate preimplantation 
Meishan embryos allows more conceptuses to survive the early period of embryonic loss (i.e., 
day 12-18). The decreased placental size of the Meishan concepms later in gestation allows 
the Meishan sow to accommodate more conceptuses in the same amount of uterine space 
found in less prolific pig breeds (Bazer et al., 1988). To compensate for its decreased 
placental size, the Meishan conceptus develops an increased density of blood vessels in its 
outer placental membranes to meet the increasing demands of the rapidly growing ferns 
during late gestation (Biensen et al., 1998). 
It was hypothesized that if placental size and efficiency is heritable, one ought to be 
able to impact the number of viable piglets a female could carry to term. The objective of the 
present study was to determine if significant variation in placental weight and efficiency 
existed for conceptuses of the Yorkshire breed both within and among litters. 
Materials and Methods 
Animals and Methods 
In order to match individual piglets with their placentae, we observed eight straight-
bred Yorkshire sows immediately prior to and throughout farrowing. As each piglet was 
farrowed, its umbilical cord was clamped next to the piglet with an umbilical clamp 
(Hollister Umbilical Clamps, Libertyville, IL), and the most distal end of the umbilical cord 
visible at the viilva was immobilized with a pair of large curved hemostats. A numbered tag 
was attached by a length of silk suture (to match the birth order of the piglet) to the umbilical 
cord, which was then cut, undamped and allowed to retract into the birth canal (Figure 1). 
Each piglet was then identified by ear notching. The sows were continuously monitored until 
all the placentae were expelled, and the piglets and placentae were then weighed. As 
placental size and weight are highly correlated (Biensen et al., 1998), we used the ratio of 
piglet weight: placental weight (g:g) as a measure of placental efficiency. 
From the progeny of the eight sows, with an average piglet weight: placental weight 
ratio of 4.2 ± .2, 12 gilts and four boars were selected. Six gilts and two boars with above 
average piglet weight:placental weight ratios (5.7 ± 0.3; termed the 'A Group') and six gilts 
and two boars with below average piglet weightrplacental weight ratios (3.6 ± 0.2; termed the 
'B Group') were selected. At 7 mo of age, gilts from each group (A or B) were randomly 
bred to one of the two boars from the same group and monitored during farrowing to 
determine offspring piglet weightplacental weight ratios. The sows in each group were then 
rebred to the same boar used during their first parity, and were again monitored during 
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Figure 1. Schematic diagram of the uterine contents immediately after farrowing of the 
piglets, but prior to placental expulsion, depicting the manner in which placentae were 
tagged. 
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farrowing with similar offspring data recorded. 
Statistical Analysis 
Data were analyzed using the General Linear Model (GLM) procedure of the 
Statistical Analysis System (SAS; Statistical Analysis System, 1985). The treated females 
were used as the experimental units for analysis, as such fetal weights and crown-rump 
lengths, placental weights, lengths and surface areas, implantation site length and piglet 
weightrplacental weight ratios were averaged within a litter, and a single value for each litter 
was used in the analysis. The model included treatment group (Veh, E212 or E213) and 
gilt(group). The results are presented as means ± SEM. 
Results 
The piglet weightrplacental weight ratios for the offspring of the eight litters averaged 
4.2 ± .2. Across the litters, individual piglet weightrplacental weight ratios ranged from 2.7 
to 7.4. More importantly, within a given litter the piglet weightrplacental weight ratios 
ranged from 3.8 to 7.4. There was no difference in the birth weight of piglets selected to 
compose either the A Group or B Group (Figure 2). However, there was a marked difference 
(P < .01) in the weight of the placentae these piglets developed on, with individuals selected 
for the A group developing on placentae =30% lighter than individuals selected for the B 
group. The lack of a group difference in piglet weight and the marked group difference in 
placental weight, is what accounted for the marked difference (P < .001) in relative placental 
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individuals selected to establish the A and B groups. Means ±SEM with different 
superscripts within a measure differ (P<05). 
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efficiency (Figure 2). For the litters farrowed within each group (A or B), there was no 
difference (P > .40) in piglet weight, placental weight, piglet weight:placental weight ratio or 
litter size between parity one and two. Therefore, data are presented as overall means across 
parity. The weight of piglets farrowed by A group (high ratio) sows was less (22%, P < .05) 
than that of B group (low ratio) sows (Figure 3,4). More striking, however, was the marked 
difference (P < .01) in placental weight, with piglets of A group sows developing on 
placentae 39% smaller than those from B group sows (Figure 3, 5). Li addition to (and 
potentially a result of) the marked difference in placental size between the groups, we saw a 
concomitant increase (P < .05) in litter size of nearly 3 pigs per litter for sows in the A group 
as compared to those in the B group (Figure 3). In an contemporary unselected control 
population, litter size averaged 11.2 ±0.5; intermediate between the A and B groups. 
Although there was an overall negative correlation (r = -.73, P < .01) between the average 
placental weight within a litter and litter size, within each group (A or B) the variation in 
average placental weight within a Etter was not related to litter size (P > .20; Figure 6). 
Discussion 
We have known since the early 1900s that total prenatal loss in U.S. pig breeds is 
between 30 and 40%; of which greater than 75% occurs before d 30 of gestation (reviewed in 
Pope, 1994). On or about d 12 of gestation, the pig embryo undergoes a tremendous 
morphological change from a 10-mm sphere to a 1-m long thread within a 24 h period, 
referred to as elongation (Anderson, 1978; Geisert et al., 1982b; Pusateri et al., 1990). At the 
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same time the embryo is preparing to undergo this rapid morphological change, it begins 
synthesizing and secreting significant (ng/day) quantities of estradiol 17P (Perry et al., 1973; 
Ford et al., 1982; Geisert et al., 1990; Pusateri et al., 1990). Embryonic estradiol-17P 
secretion induces marked changes in endometrial protein secretion and the composition of the 
uterine luminal fluid (Geisert et al., 1982a; Geisert et al., 1982c). It is widely thought that as 
the most advanced embryos in a litter are initiating estradiol-17P secretion and undergoing 
elongation, they alter the uterine milieu with a resultant loss of their lesser developed 
littermates (Pope et al., 1990). 
Treatments to reliably increase the number of embryos present during early gestation 
have included superovulation and superinduction. Superovulation is the use of exogenous 
hormone administration to increase the number of ova shed, while superinduction is the 
transfer of additional embryos to an already gravid uterus. Females that are superovulated or 
superinduced will still consistently lose between 30 and 40% of the embryos present in the 
uterus between day 12 and day 18 of gestation (Dziuk, 1968; Christenson et al., 1987; Dziuk, 
1987). Thus, in superovulated and superinduced females there will be significantly greater 
numbers of embryos found in the uterus until about d 30 when compared to untreated 
controls. However, superovulated and superinduced females will give birth to numbers of 
piglets equivalent to those of untreated controls (Dziuk, 1968; Pope et al., 1972, Fenton et al., 
1972; Huang et al., 1987). These data demonstrate that between day 30 and term there is 
significant additional conceptus loss, and led to the hypothesis that uterine capacity (i.e., the 
number of conceptuses a female's uterus can acconmaodate) is the major limitation to 
increasing litter size in the pig. 
The Chinese have been domesticating pigs for at least 7000 years (and possibly as 
many as 10,000 years; Peilieu, 1985). There are over 100 breeds of pig that exist in China, 
and each has been selected for optimal performance in the unique conditions of a given 
region of China (Epstein, 1969). Farmers in the Changjiang river basin in an area known as 
the Taihu region, experience a mild climate and have been selecting pigs for thousands of 
years for their prolificacy (Peilieu, 1985; Mao, 1995). The Meishan pig, one of the varieties 
included in the Taihu breed, gives birth to three to five more pigs per litter than our high 
producing U.S. pig breeds like the Yorkshire, even at ages when the two breeds exhibit 
similar ovulation rates and uterine sizes (Bazer et al., 1988; Christenson, 1993; Bienseh et al., 
1998). Since ovulation rate of U. S. pig breeds averages = 14-16 ova (Christenson, 1993), 
and litter size averages = 10 pigs per litter (Pope, 1994), additional ovulations would not be 
expected to increase litter size. Selection for increased ovulation rate has been very 
successful (Lamberson et al., 1991). However, the increases in ovulation rate did not result 
in increases in litter size beyond the average for U.S. pig breeds (Neal et al., 1989). 
Historically, uterine capacity has been simply defined as the number of conceptuses a 
female could carry to term (Christenson et al., 1987). Li devising selection schemes to 
increase uterine capacity, one would naturally think of increasing uterine horn length. 
However, selection for increased uterine horn length is complicated by the lack of 
information as to the appropriate reproductive state during which to measure uterine length in 
order to appropriately quantify the phenotype. The importance of uterine capacity may result 
from the non-invasive, epithelial-chorial type of placentation found in this species (Grosser, 
1933). Unlike the rodent or human concepms, which invades into the endometrium during 
implantation, the pig conceptus does not erode maternal tissue to gain better access to 
nutrients in maternal blood, resulting in the need for a very large surface area for maternal-
fetal exchange per unit of fetal weight (Friess et al., 1980). To acconmiodate this non­
invasive placental type, the entire placental surface adjacent to the endometrium is highly 
vascularized. In an effort to select for uterine capacity, Christenson et al. (1987) employed a 
unilaterally-hysterectomized-ovariectomized (UHO) model. Due to ovarian hypertrophy, a 
UHO female will ovulate similar numbers of ova from the remaining ovary as would an 
intact female, with = one-half the uterine space QDziuk 1968). By selecting daughters of 
UHO females exhibiting the largest litter size, one would expect to be selecting for an 
increased uterine capacity (i.e., the number of conceptuses a female could accommodate to 
term). Unfortunately the heritability of uterine capacity, as measured by the UHO model, is 
very low (.09, Young et al., 1996). Therefore, we would like to propose that uterine capacity 
is better described as the total amount of placental mass or surface area a female can carry to 
term. This includes both absolute surface area available, as well as the efficiency of both 
endometrial and placental efficiency. Based on this notion of uterine capacity, litter size 
should be increased either by increasing uterine horn length or decreasing the amount of the 
limited uterine space occupied by each conceptus. Our results suggest that placental 
efficiency is much more important in influencing litter size. As a result of the inherent 
problems associated with selection for uterine length, we feel that selection for smaller, more 
efficient placenta is the better method. We are currently examining the impact of selection 
for placental efficiency in a commercial seed stock herd. 
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Implications 
Therefore, based on our understanding of the Chinese Meishan pig and the results 
described herein, selection of pigs for smaller and relatively more efficient placentae appears 
to provide a useful method for increasing litter size in the pig. Such a selection method is 
simple and available to producers of any size interested in increasing the prolificacy of their 
herd, or to seed stock companies interested in increasing the reproductive performance of 
their females. 
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EFFECT OF ESTRADIOL-17P ADMINISTRATION DURING 
THE TIME OF CONCEPTUS ELONGATION ON PLACENTAL 
SIZE AT TERM IN THE MEISHAN PIG 
A paper accepted for publication in the Journal of Animal Science' 
Matthew E. Wilson and Stephen P. Ford 
Abstract 
Meishan embryos transferred to recipient females on d 2.5 are larger, contain greater numbers 
of trophectoderm cells, and secrete greater amounts of estradiol-17P when gestated in a 
Yorkshire as compared with Meishan uterus to d 12. Additionally, placentae of Meishan 
conceptuses are larger when gestated in a Yorkshire as compared with Meishan uterus 
throughout gestation. Embryonic estradiol-17P secretion during elongation on d 12 to 13 of 
gestation is temporally associated with endometrial secretion of growth factors including 
IGF-I, which has been shown to increase mitotic rate in the trophectoderm of pig embryos. 
This experiment was conducted to determine if estradiol-17P administration to Meishan 
females at the time of conceptus elongation would increase placental size at term. Meishan 
' Journal paper no. J-18396 of the Iowa Agricultural and Home Economics Experiment 
Station, Ames, Projects 0239 and 3505, and supported in part by Hatch Act and State of Iowa 
Fimds. 
females (n = 12) were checked twice daily for estrus (0700 and 1900), and each bred to a 
Meishan boar at 0 and 24 h after the onset of estrus (d 0). Females were randomly assigned in 
equal numbers to receive injections of sesame oil (VEH) starting on d 12 (CONTROL), 1 mg 
of estradiol-17P in VEH starting on d 12 (E2I2), or 1 mg of estradiol-17|3 in VEH starting d 
13 (£,13). The injections were initiated at 0700 or 1900 (corresponding to the time of day 
they first exhibited estrus) and continued at 6-h intervals for 48 h, resulting in 8 mg of 
estradiol-17P given in 8 injections. Pregnant females were killed on d 112 of gestation and 
ovulation rate, litter size, implantation site length, fetal weight, crown-rump length, placental 
weight, and placental surface area were quantified. There were no differences among £,12, 
£,13, and CONTROL females in ovulation rate or litter size, which averaged 16.3 ± .7 and 
11.8 ± .7, respectively. Fetal weight and crown-rump length were not different (P > .10) 
among £,12, £,13, and CONTROL females, averaging 802 ± 26 g and 24.3 ± .3 cm. 
Placentae were markedly heavier (176 ± 14 and 174 ± 16 g vs 134 ± 10 g, P < .05) and larger 
(1337 ± 97 and 1520 ± 70 cm^ vs 978 ± 29 cm\ P < .001) for E2I2 and £313 vs CONTROL 
females, respectively. Placental efficiency (estimated as fetal weight:placental weight) was 
greater (P < .05) in the CONTROL as compared with £,12 and £,13 females (5.8 ± .2 vs 4.8 
± .2 and 5.1 ± .4). These data demonstrate that the amount of estradiol-17P exposure around 
the time of elongation affects placental size at term. Additionally, the difference in placental 
efficiency between CONTROL and estradiol-17P groups indicate that E^P-induced increases 
in placental size led to a reduced placental efficiency. 
Key words: Pig, placenta, litter size. 
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Introduction 
Meishan gilts (3 to 7 postpubertal estrous cycles) exhibit the same ovulation rate and 
uterine size as domestic Yorkshire gilts, while farrowing 3-4 more piglets/litter (Ford and 
Youngs, 1993). Meishan and Yorkshire conceptuses initiate estradiol-17P (estradiol-17P) 
secretion and elongation synchronously on d 12-13 after mating, although Meishan embryos 
are smaller and contain fewer cells when they initiate steroidogenesis and elongate (Anderson 
et al., 1993; Youngs et al., 1994; Wilson and Ford, 1997). The reduced size of the Meishan 
conceptus results from a reduced trophectoderm mitotic rate from d 6 to d 12 when compared 
with similar stage Yorkshire conceptuses (Rivera et al., 1996; Wilson and Ford, 1997). 
Meishan conceptuses secrete less estradiol-17P into uterine luminal fluid and elongate to a 
reduced length than similar stage Yorkshire conceptoses (Youngs et al., 1994; Wilson et al., 
1995; Wilson and Ford 1997). The decreased uterine luminal estradiol-17P concentrations in 
Meishan vs Yorkshire females on d 11-12 of gestation are associated with the lower 
concentrations of IGF-I in the same flushings (Wilson and Ford, 1997). Furthermore, IGF-I 
has been shown to increase trophectoderm mitotic rate in pig embryos (Lewis et al., 1992). 
Meishan conceptuses exhibit a reduced placental size and weight on d 30, 70,90,110 
of gestation and at term than do Yorkshire conceptoses (Ashworth et al., 1990; Kaminski et 
al., 1996; Biensen et al., 1998; Wilson et al., 1998). We hypothesized that the smaller size 
and length of the Meishan vs the Yorkshire embryo at elongation may result from the 
Meishan's decreased secretion of estradiol-17 p. The decreased size of the Meishan 
conceptus at elongation may then lead to the reduced size of the Meishan as compared with 
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Yorkshire conceptus throughout gestation. The objective of this experiment was to 
determine if injections of estradiol-17p around the time of conceptus elongation would result 
in an increased placental size at term when compared with controls. 
Materials and Methods 
Animals and Methods 
All procedures and protocols involving the use of animals were approved by the Iowa 
State University Committee on Animal Care. Meishan gilts (n=12) were checked twice daily 
for estrous behavior (0700 and 1900) with a mature Meishan boar. Gilts were bred at the 
onset of estrus (d 0) and again 24 h later. Pregnant gilts were then randomly assigned to 
receive 1 ml injections (im), of sesame oil (VEH) starting on d 12 (CONTROL), Img of 
estradiol-17P in VEH starting on d 12 (^12), or 1 mg of estradiol-17P in VEH starting d 13 
(EolS). The injections were administered at 6 h intervals for 48 h starting at 0700 or 1900 on 
d 12 (CONTROL and E2I2) or d 13 (E^O) corresponding to the time of day they first 
exhibited estrus, resulting in a total of 8 mg of estradiol-17P administered in 8 injections. 
Gilts were killed on d 112 of gestation and their reproductive tract removed and transported 
to the laboratory. The mesometrium was trimmed from the uterus and ±e base of each hom 
ligated before separating the right and left horns in order to determine uterine hom weight 
(kg), length (cm; measured along the antimesometrial border) and volume (L; by measuring 
the volume of water displaced by submersion of the hom into a full bucket of water). 
Each fetus was then exteriorized through a ~5 cm incision in the antimesometrial 
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aspect of the uterus and the associated chorioallantoic fluid was collected and its volume 
determined. Each umbilical cord was then double ligated with numbered tags and cut 
between the ligations. The sex, crown-rump length and weight of each fetus were 
determined. Individual placentae were then manually separated from the endometrium, 
placing a dissecting pin in the endometrium at each end of a placenta to mark its location. 
The placentae were weighed, and the relative location and distance between each pin 
determined. This allowed us to determine the length of each implantation site, as well as the 
distances between implantation sites when they existed. Placentae were then spread out on 
plastic coated paper ('Butcher's paper') and traced for later determination of placental length 
and surface area using a planimeter (Compensating Polar Planimeter, Keufel and Esser Co., 
New York) as previously described (Biensen et al., 1998). 
Statistical Analysis 
Data were analyzed using the General Linear Model (GLM) procedure of the 
Statistical Analysis System (SAS; Statistical Analysis System, 1988). To mitigate the effects 
of differences in number of conceptuses in each treatment, the treated females were used as 
the experimental units for analysis, as such, fetal weights and crown-rump lengths, placental 
weights, lengths and surface areas, implantation site length and piglet weight to placental 
weight ratios were averaged within a litter, and a single value for each litter was used in the 
analysis. The model included treatment group (CONTROL, E2I2 or E^IS). The Correlation 
(CORR) procedure of SAS was used to identify associations among variables including fetal 
weight, placental weight and the fetal weight to placental weight ratio, as weU as Litter size. 
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uterine length, the amount of unoccupied space in the uteras and the ratio of placental length 
to implantation site length (a measure of the degree of interdigitation between the placenta 
and endometrium). When correlations among variables were evident linear regression was 
performed to describe the relationship. The results are presented as means ± SEM. 
Results 
There was no difference in ovulation rate, litter size or percent fetal survival among 
the three treatment groups which averaged 16.3 ± .7, 11.8 ± .7 and 73.1 ± 3.8 %, respectively 
(Table 1). There were no differences among treatment groups in uterine length, weight or 
volume which averaged 503 ± 23 cm, 15.8 ± .9 kg and 14.4 ± .8 L, respectively (Table 2). 
Table 1. Ovulation rate, litter size and fetal survival in Meishan females treated with vehicle 
(CONTROL), estradiol-17P on d 12 and 13 and estradiol-17P on d 13 and 14 (E2I3). 
Means ± SEM. 
Treatment 
Ovulation 
Rate 
Litter 
Size 
Fetal 
Survival (%) 
CONTROL 
E2I2 
EII3 
16.3 ± 1.1 
17.0 ± 1.1 
15.5 ± 1.4 
12.3 ± 1.0 
11.8 ± .5 
11.5 ±2.1 
76.1 ± 7.1 
69.8 ± 4.3 
73.3 ± 9.3 
Table 2. Uterine hom length, uterine weight and uterine volume in Meishan females treated 
with vehicle (CONTROL), estradiol-17P on d 12 and 13 OE2I2), and estradiol-17|3 on d 13 
and 14 (E2I3). Means ± SEM. 
Treatment 
Uterine 
Length (cm) 
Uterine 
Weight (kg) 
Uterine 
Volume (L) 
CONTROL 
£,12 
E,'l3 
503 ± 19 
495 ± 48 
512 ± 55 
15.2 ± .5 
15.8 ± 1.3 
16.4 ± 2.6 
14.0 ± .5 
14.4 ± 1.1 
14.8 ± 2.4 
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There were also no differences in weight or crown-rump length of fetuses among the three 
treatment groups (Figure 1). Additionally, there was no difference in average individual 
chorioallantoic fluid volume among the three treatments which averaged 96.9 ±3.9 ml. 
There was a marked difference however, in placental size among the three treatment 
groups whether measured by weight, surface area or length. Figure 2 depicts placental weight 
and surface area. Placental weight was 30% greater in the Ejll and £^13 gilts compared with 
CONTROL gilts (Figure 2). Placental surface area was 37% greater in £,12 gilts and 55% 
greater in EjB gilts compared with CONTROL gilts (Figure 2). Figure 3 and 4 clearly depict 
the tremendous differences in placental surface area and length observed between the 
CONTROL and estradiol-17P (E212 and E213) treated gilts. Figure 3 is a photograph of the 
placentae from one uterine horn of a CONTROL gilt (which contained 4 conceptuses) and 
figure 4 is a photograph of the placentae from one uterine horn of an E212 treated gilt (which 
contained 4 concepmses), each spread out on a .7 x 1.3 m dissecting board. Figure 5 depicts 
the effect of estradiol-17P administration around the time of elongation on placental length 
and implantation site length. Placental length was 22% greater in E2I2 gilts and 32% greater 
in £,13 gilts when compared with CONTROL gilts (Figure 5). There was a significant 
increase in implantation site length for EjO gilts when compared with CONTROL gilts, with 
E2I2 gilts intermediate between the two (Figure 5). The lack of difference in fetal weight and 
marked difference in placental weight resulted in a marked difference in the ratio of fetal 
weight to placental weight between estradiol-17P treated gilts and CONTROL gilts (4.75 ± .16 
and 5.07 ± .35 vs 5.78 ± .23, P < .05). 
There was a positive correlation between fetal weight and placental weight (r = .82, P 
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Figure 3. Placentae from one horn of a CONTROL injected Meishan female, which contained 
4 conceptuses, spread out on a 1.3 m by .7 m dissecting board. 
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Figure 4. Placentae from one horn of an £,12 treated Meishan female, which contained 4 
concepmses, spread out on a 1.3 m by .7 m dissecting board. 
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< .001) for all gilts in this study. Further, whereas there was a negative correlation between 
placental weight and the fetal weight to placental weight ratio (r = -.84, P < .001), no 
association was found (P > .15) between fetal weight and the fetal weight to placental weight 
ratio. Litter size was associated with several uterine measurements. Figure 6 depicts the 
positive correlation between litter size and uterine length (r = .61, P < .05) indicating that 
larger litters were generally in the longest uteri. Figure 7 depicts the negative correlation 
observed between litter size and the average unoccupied space in the uterus (r = -.90, P < 
.0001) indicating that as the number of fetuses in a litter increases, the amount of unoccupied 
space in the uterus decreases. In litters containing at least 8 fetuses (n = 11 of the 12 gilts in 
this study) there was a positive correlation between litter size and the ratio of placental length 
to implantation site length (r = .70, P < .05, Figure 8). 
Discussion 
It has been hypothesized that the length a preimplantation embryo attains at elongation 
will influence, if not determine, placental length later in gestation. Further, the amount of 
estradiol-17P synthesized and secreted by the preimplantation embryo has been positively 
associated with the endometrial secretion of growth factors, including IGF-I (Simmen et al., 
1995; Wilson and Ford, 1997). These growth factors are thought to stimulate the growth and 
cellular proliferation of the preimplantation conceptus, and IGF-I has been shown to stimulate 
trophectoderm mitotic rate (Lewis et al., 1992). Therefore, the amount of estradiol-17P 
secreted by the conceptus may promote conceptus growth through modulation of endometrial 
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secretory products. Although we did not measure uterine luminal growth factor 
concentrations, we were clearly able to increase placental size through the administration of 
estradiol-17p around the time of conceptus elongation. This increase in placental growth is 
evident whether measured as increases in weight, length or surface area. Whereas the 
placentae from CONTROL gilts in this study were similar in size to those previously reported 
for untreated Meishan gilts at a similar stage of gestation (978 ± 29 vs 729 ± 35 cm% 
respectively), the placentae from E2I2 and EjlS gilts were as large as those collected from 
untreated Yorkshire gilts (1337 ± 96 and 1520 ± 70 vs 1639 ± 72 cm~, respectively; Biensen et 
al., 1998). 
The assertion that uterine capacity is the major hmitation to increasing litter size in the 
pig is derived from experiments in which females were subjected to an increase in the number 
of embryos contained in a uterine horn which was well beyond the normal litter size, by 
superovulation, superinduction and unilateral hysterectomy-ovariectomy (UHO). 
Superovulation and superinduction increase the number of embryos present in a normal uterus 
while UHO involves the removal of one ovary and the ipsalateral uterine hom, which results 
in the same number of ovulations in ~ the uterine space. It is widely believed that between 
d 12 and 18 of a normal gestation -30% of embryos are lost in U.S. and European pig breeds 
(reviewed in Pope, 1994). While sustaining the same percentage of embryo loss as untreated 
control pigs, superovulation and superinduction reliably increase the number of embryos that 
survive beyond d 30. UHO females, which have a nonnal number of embryos on d 12, also 
sustain the normal 30% embryo loss to d 30, but have only one half the uterine space (Dziuk, 
1968; Christenson et al., 1987; Dziuk, 1987). Consistent with the concept of a limited uterine 
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capacity, superovulated and superinduced females do not farrow larger litters than controls 
whereas UHO females farrow litters approximately Vi the size of controls (Dziuk, 1968; 
Christenson et al., 1987; Dziuk, 1987). 
We have recently extended our view of uterine capacity as simply a result of uterine 
size, to include conceptus differences in the mass of placental tissue required for normal fetal 
growth and development (Wilson et al., 1999). Using this expanded definition, we 
hypothesized that an important component responsible for limiting increases in litter size 
might be the amount of placental tissue required by each conceptus for normal fetal growth 
and development to term. The average placental efficiency (the ratio of a piglet's weight to 
that of its placenta) calculated over 7 Yorkshires litters was 4.2 ± .2, with individual 
efficiencies ranging from 2.7 to 7.4. More importantly, differences within a single litter of 
Yorkshire piglets ranged from 3.8 to 7.4. At farrowing, gilts selected for high placental 
efficiency gave birth to piglets with markedly smaller placentae (> 39% smaller) than gilts 
selected for low placental efficiency. More importantly, gilts selected for high placental 
efficiency farrowed over 3 more live pigs per litter than gilts with low placental efficiency 
(12.8 ± .7 vs 9.5 ± .6, respectively; Wilson et al., 1999). 
In agreement with previous data (Biensen et al., 1999; Wilson et al., 1999), we 
observed a positive correlation between fetal weight and placental weight in this study. This 
indicates that in general, larger fetuses are attached to larger placentae and smaller femses are 
attached to smaller placentae. However, when we examined the ratio of fetal weight to 
placental weight, or placental efficiency, we find that the variation in efficiency results 
primarily from variations in placental weight. Another way to envision placental efficiency's 
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lack of association with fetal weight and negative association with placental weight, is that 
both large and small piglets can develop on relatively efficient or relatively inefficient 
placentae, but that in general relatively efficient placentae are small and relatively inefficient 
placentae are large. 
Of interest is the lack of difference in litter size and uterine length in the face of 
marked differences in placental size in this study. The lack of difference in uterine length 
among treatments is likely due to the marked variation among females in this measurement 
(503 ± 23, range 376-605 cm). This marked variation in uterine size would contribute to the 
lack of an observed difference in litter size, especially as the largest and smallest uterine 
lengths and litter sizes are in the £,13 group (Figure 4). Additionally, it is worth noting that 
there were other factors associated with litter size (i.e., average and total amount of 
unoccupied space, and the ratio of placental length to implantation site length). Some of these 
measures may have contributed directly to influencing litter size (i.e., uterine length and 
unoccupied space in the horn) and some may be a result of conceptus adaptations (or loss) in 
response to a given litter size (i.e., placental length to implantation site length and unoccupied 
space in the hom). These data indicate that litter size is, as might seem obvious, affected by a 
number of physiologic inputs. This is important as selection for a smaller, more efficient 
placenta can markedly increase the potential for a larger litter size, but this must be considered 
within the constraints of the other physiologic limitations of litter size (i.e. ovulation rate, 
fertilization rate, uterine length, uterine function, etc.). Therefore, if other physiologic 
parameters influencing litter size are within a normal range, then smaller, more efficient 
placentae can conceivably result in an increased litter size. 
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Based on these data, we hypothesize that the difference between those individuals that 
develop a large, relatively inefficient placenta compared with those that develop a small, 
relatively efficient placenta is the size that they achieve as a result of elongation. If this is 
true, and the rate of embryonic growth is positively associated with the uterine luminal 
concentration of growth factors, then the secretion of lower than average amounts of estradiol-
I7P by an embryo immediately prior to elongation could reduce placental size, increasing the 
potential for a large litter. 
Implications 
These data demonstrate that the amount estradiol-17P exposure around the time of 
conceptus elongation can have a marked affect on placental size at term. When this 
information is combined with our understanding of the important role of placental size and 
efficiency in influencing litter size, it becomes clear that biologic variation in the rate of 
preimplantation embryonic development can have tremendous impacts on placental size and 
therefore litter size. 
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USE OF ASYNCHRONOUS EMBRYO TRANSFER TO 
INVESTIGATE THE ROLE OF UTERINE-EMBRYO 
TIMING ON PLACENTAL SIZE 
A paper submitted to the Journal of Animal Science ^ 
Matthew E. Wilson, Kimberly A. Vonnahme and Stephen P. Ford 
Abstract 
The ability of the uterus to accommodate a finite amount of placental tissue appears to 
be a major limitation to litter size. Meishan preimplantation conceptuses contain fewer 
trophectoderm cells, produce less estradiol-17p, elongate to a shorter length and exhibit a 
reduced placental size throughout gestation than Yorkshire conceptuses. Uterine luminal 
embryonic estradiol-17P content and growth factor content are positively associated at 
elongation. Based on this we have argued that growth factor quantity regulates the length an 
embryo attains at elongation, and limits placental size. Recently, Wilson and Ford [J Anim Sci 
77 (Suppl 2):71; 1999] injected Meishan gilts every 6 hours with estradiol-17(3 on dl2 and 13 
of gestation resulting in a 40% increase in placental size at term when compared to vehicle 
^ Journal paper no. J-18608 of the Iowa Agricultural and Home Economics Experiment 
Station, Ames, Projects 0239 and 3505, and supported in part by Hatch Act and State of Iowa 
Funds. 
injected Meishan gilts. This study was conducted to determine if transfer of embryos into the 
oviducts of asynchronous females (more or less advanced uterine environments) would alter 
fetal and/or placental size at term. Yorkshire gilts were checked 2x daily for estrus and bred to 
a Yorkshire boar 24 hours after the first exhibition of estrus. Embryos (1-4 cells) were flushed 
from the oviducts of each donor gilt on day 2.5 of gestation and transferred in equal numbers 
to the oviducts of a recipient gilt on day 1.5,2.5 or 3.5 of their estrous cycle. Gilts were 
slaughtered on day 112 of gestation and fetal and placental weight, placental surface area and 
implantation site lengths were determined. While litter sizes were similar (8.4±1.1), 
conceptuses transferred to d3.5 recipients had heavier fetuses (1.57±.09 v 1.23±.04 kg, 
P<.001), larger placental surface area (1812±106 v 1458±43 cm", P<.01) and occupied longer 
implantation sites (34±3 v 25±1 cm, P<.001) than those transferred to recipients on dl.5 or 
2.5. These data demonstrate that oviductal transfer of embryos to a reproductive tract as little 
as 24h more advanced can result in dramatic alterations in placental growth and function 
during gestation. 
Key words: Pig; Placenta; Embryo 
Introduction 
Litter size is widely believed to be the most important component of sow productivity. 
Currently, U.S. pig breeds average 8.8 pigs per litter (NASS, 1999), which is far from optimal 
when one considers that ovulation rate is 14 to 16 (Christenson, 1993), of which 95% are 
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fertilized (Polge, 1982) and sows have between 12 and 14 functional teats. Litter size can be 
impacted by a number of different physiologic factors including ovulation rate, fertilization 
rate and embryo mortality. However, when sufficient numbers of embryos survive periods of 
early loss (i.e. 12-18 days of gestation), placental size (Wilson et al., 1999) and uterine size 
(Christenson et al., 1987) can effect the number of fetuses which survive to term. 
We use the piglet weight to placental weight ratio (i.e., the number of grams of 
placenta required to support a gram of fetus) as an indication of placental efficiency. 
Recently, v/e have demonstrated that selection of Yorkshire gilts and boars for small, efficient 
placentae resulted in a significant increase in litter size when compared with those selected for 
large, inefficient placentae (Wilson et al., 1999). Around day 12 of gestation the embryo 
begins to elongate and secrete estradiol-17 P which stimulates marked changes in the secretion 
of endometrial components including growth factors. We have shown that estradiol-17(3 
administration around the time of elongation (likely increasing endometrial growth factor 
secretion) results in markedly increased placental size at term (Wilson and Ford, 1999). These 
data suggest that the uterine environment an embryo is exposed to prior to or during 
elongation can impact conceptus growth and survival. Our hypothesis was that since 
conceptus growth is a consequence of estradiol-17P stimulated endometrial secretion of 
growth factors, a narrow window of time for this endometrial-conceptus interaction may exist. 
If so, inducing an asynchrony between conceptuses and the oviductal-uterine environment 
ought to effect placental size. The objective of this experiment was to determine the impact of 
embryo-uterine asynchrony on conceptus growth and development. 
Materials And Methods 
Animals and Methods 
All procedures and protocols involving the use of animals were approved by the Iowa 
State University Committee on Animal Care. Yorkshire gilts (n=24) were checked twice 
daily for estrous behavior (0700 and 1900) with a mature Yorkshire boar. Twelve gilts served 
as embryo recipients and 12 served as embryo donors. Recipient gilts fell into one of three 
categories: 1) those that first exhibited estrus 24 h after a donor had first exhibited estrus (24 h 
less advanced oviductal-uterine environment), 2) those that first exhibited estrus 
synchronously with a donor (synchronous oviductal-uterine environment), or 3) those that first 
exhibited estrus 24 h after a donor had first exhibited estrus (24 h more advanced oviductal-
uterine environment). Embryos were transferred as previously described (Youngs et al., 1994; 
Biensen et al., 1998). Briefly, on day 2.5 of gestation donor gilts were anesthetized, 
laparotomized and embryos recovered from the oviducts. Recipient gilts (either dayl.5, 2.5 or 
3.5 of their estrous cycle) were then anesthetized, laparotomized and had Vz of the embryos 
transferred to each oviduct. There were no differences (P > .50) in the number of embryos 
transferred among the three recipient groups (16.0 ±1.1, 14.0 ±1.7 and 15.0 ± .6 for the day 
1.5,2.5 and 3.5 recipient groups, respectively). There were also no differences (P > .20) 
among the three recipient groups in the mean cell number or range of cell numbers transferred 
to the three recipient groups (1.7 and 1-4; 2.6 and 1-4 and 2.1 and 1-4 cells for the day 1.5, 2.5 
and 3.5 recipient groups, respectively). Donor gilts were bred only once at 24 hr after the 
onset of estrus (d 0) to make sure recipients were available for the day 1.5 oviductal-uterine 
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environment group. Each of the four recipient gilts that received embryos on day 1.5 
remained pregnant while three remained pregnant in each of the other two recipient groups. 
Recipient gilts were then slaughtered on day 112 of gestation. Gravid uteri were 
collected and transported back to the laboratory on ice. Ovulation rate, litter size and intact 
uterine horn length (along the antimesometrial border) were then determined. Each fetus was 
then exteriorized and its sex, weight and crown-rump length determined. A block of 
placental-endometrial tissue was excised for each conceptus for histologic determination of 
vascular density (see below). Dissecting pins were then placed at either end of each placenta, 
and each placenta was then separated from the endometriimi and its weight determined. 
Implantation site length was determined by measuring the distance between dissecting pins. 
Placentae were then spread out on plastic coated 'Butcher's paper' and their perimeter traced 
for determination of placental surface area (Biensen et al., 1998). 
Paraffin embedded placental-endometrial tissues were sectioned at 5 |im, stained with 
periodic acid-Schiff s reagent, counter stained with hematoxylin and traced for quantitation of 
vascular density as previously described (Biensen et al., 1998) with the following 
modification. Images of two fields from each of four slides with stained tissues were 
projected onto a sheet of paper using a projecting microscope (XM150, Kramer Scientific 
Corp.) and total placental and endometrial tissue area and areas occupied by blood vessels 
were traced. Areas were then quantified via image analysis (Biensen et al., 1998) and an 
average placental and endometrial vascular density was calculated for each conceptus. 
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Statistical Analysis 
Data were analyzed using the General Linear Model (GLM) procedure of the 
Statistical Analysis System (SAS; Statistical Analysis System, 1985). The model included 
recipient group (1.5,2.5 and 3.5) and gilt(group). LSMEANS was used to perform multiple 
comparison tests. The Correlation (CORR) procedure of SAS was used to identify 
associations among variables including fetal weight, placental weight, the fetal weight to 
placental weight ratio (placental efficiency), placental vascular density and the adjacent 
endometrial vascular density, as well as litter size and uterine length. When correlations 
among variables were evident linear regression was performed to describe the relationship. 
The results are presented as means ± SEM. 
Results 
There were no differences in combined uterine horn length or litter size among the 
three recipient groups; those receiving day 2.5 embryos on day 1.5, those receiving embryos 
synchronously on day 2.5, or those receiving day 2.5 embryos on day 3.5 (Table 1). However, 
Table 1. Combined uterine horn length and litter size for all three recipient groups. 
Combined 
Recipient Uterine Horn Litter 
Group Length (cm) Size 
Day 1.5 (n=4) 472 ± 39 9.0 ± 1.4 
Day 2.5 (n=3) 546 ± 84 9.7 ± 1.2 
Day 3.5 (n=3) 586 ± 125 8.7 ± 2.3 
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there was a positive correlation between combined uterine horn length and litter size across all 
three groups (Figure 1). 
Both fetal weight and crown-rump length were markedly greater for recipient females 
receiving embryos on day 3.5 of their estrous cycle compared with the other two recipient 
groups (Figure 2). There were no differences in placental weight among the three recipient 
groups (Figure 3). finplantation site length on day 112 of gestation was markedly greater for 
concepmses gestated by day 3.5 recipients and was slightly less for conceptuses gestated by 
day 1.5 recipient females, compared with those receiving synchronously transferred embryos 
(Figure 3). Both placental surface area and placental efficiency were markedly greater for 
conceptuses gestated by day 3.5 recipient females compared with the other two recipient 
groups (Figure 4). 
As we have previously reported, there was no association between placental efficiency 
and fetal weight across the three recipient groups (Figure 5). However, there was a significant 
negative correlation between placental efficiency and placental weight across the three 
recipient groups (Figure 6). There were no differences in placental or endometrial vascular 
density among the conceptuses of the three recipient groups (Figure 7). There was, however, a 
positive correlation between placental and the adjacent endometrial vascular density across the 
three recipient groups (r = .68, P = .03) Interestingly, there were also positive correlations 
between placental efficiency and both placental and endometrial vascular densities (r = .70, P 
= .02 and r = .26, P = .07, respectively). 
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Discussion 
These data demonstrate that events during very early embryo development can lead to 
long term differences in fetal and placental growth and development. Asynchrony between 
the concepms and maternal system very early in development can have a tremendous affect on 
placental growth, suggesting that an optimal window of time for concepms-uterine interaction 
may exist. Although these data do not eliminate the potential of differing oviductal 
environments impacting later conceptus growth, comparisons of pig breeds exhibiting marked 
differences in early embryonic development (i.e., Meishan vs Yorkshire), demonstrated no 
breed differences between oviductal embryo development (Youngs et al., 1994), but breed 
differences become evident by day 5.5 to 6 of gestation (Rivera et al., 1997). Previously, we 
have shown that the modulation of the uterine environment, with exogenous estradiol-17p 
treatment, around the time of conceptus elongation can have a marked impact on placental 
size and weight (Wilson and Ford, 1999). Potentially, as a result of transferring day 2.5 
embryos into the oviducts of a day 3.5 recipient female, we may have allowed for a more 
uniform or robust endometrial growth factor response to conceptus estradiol-17p, thus 
growing a larger conceptus. Although we found that transfer of embryos to day 1.5 recipients 
resulted in a slight decrease in implantation site length, there were no differences in placental 
surface area and placental weight when compared with those transferred to day 2.5 recipients. 
The difference in the length of occupied hom must be the result of slight increases in placental 
circumference or placental interdigitation with the endometrium. 
As reported previously (Biensen et al., 1999; Wilson and Ford, 1999), we find no 
108 
association between the weight of a fetus and placental efficiency; however, a strong negative 
correlation exists between placental weight and placental efficiency. Li other words, both 
large and small fetuses can grow on either relatively efficient or inefficient placentae, but 
those placentae that are most efficient are small and those that are least efficient are large. 
There was a marked positive correlation between placental and the adjacent endometrial 
vascular density across the three groups. This association would imply that communication 
between the mother and conceptus exists to optimize nutrient transfer. This is consistent with 
data in the ewe suggesting that placental tissue (i.e. cotyledon) produces angiogenic factors 
during late gestation (Millaway et al., 1989) at a time when placentomal vascularity is 
increasing (Barcroft and Barron, 1946). Placental tissue from the pig has been shown to 
produce VEGF, a potent angiogenic factor, during gestation both at the level of the protein 
(Winther et al., 1999) as well as the message (Vonnahme et al., 1999). Possibly levels of 
VEGF from placental tissue modulate the vascularity of both the placenta and the adjacent 
endometrium, coordinating responses of the conceptus to greater nutrient need. 
We have used the piglet weight to placental weight ratio for some time as an indicator 
of placental function, often referring to it as placental efficiency. These are the first data to 
demonstrate an association between our functional measure of placental efficiency and the 
vascularity of the placental membranes. Further, these data demonstrate that the level of 
placental efficiency is associated with the vascularity of the adjacent endometrium. Variation 
in placental function, and the quality of such, has long been of interest in understanding the 
degree and the variation in fetal development. As early as 1934, McKenzie and Bogart used 
the number, size and 'quality' (i.e., color, integrity, etc.) of cotyledons in the placentae of 
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lambs as an indicator of the thrift of the lambs. 
Although placental size plays an important role in determining litter size (Wilson et al., 
1999), these data confirm the finding (Wilson and Ford, 1999) that uterine length also plays a 
role. Tremendous variation in uterine length exists and is no doubt in part a result of 
conceptus stimulated growth during gestation; however, likely a maximum uterine size exists. 
Young et al. (1996) in selecting for uterine capacity (i.e. the number of conceputses carried to 
term) found that the heritability of uterine length was much greater than the heritability of 
uterine capacity (.50 vs .09). Further, they reported that a two trait index of uterine length and 
ovarian weight should result in a 91% improvement over direct selection for uterine capacity, 
with a heritability of .53, suggesting that uterine length measured in the absence of 
conceptuses may be more indicative of 'uterine potential' than uterine capacity which is 
confounded by variable numbers of potential concepmses present and the variable competition 
among conceptuses during gestation. 
Therefore, attempts to optimize reproductive efficiency need to consider a number of 
aspects of conceptus growth and development as well as uterine growth and function. 
Placental size can markedly influence litter size (Wilson et al., 1999) and events which occur 
very early in embryo development can tremendously influence placental size (Wilson and 
Ford, 1999; These data). However, factors such as insufficient (or possibly excess) ovulation 
rate, insufficient fertilization rate, poor uterine capacity (either as a result of diminished 
endometrial function or less than optimal uterine length), etc. can all impact the ultimate litter 
size realized at term. 
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Implications 
A small placental size allows the potential for a large litter size, but other factors 
contribute. Placental efficiency is a reflection of placental size not fetal size, and is in part a 
result of both placental and endometrial vascularity. And finally, there does appear to be an 
optimal window of conceptus-uterine timing, as inducing an asynchrony between the embryo 
and its uterine environment can markedly affect placental and fetal growth. 
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DIFFERENTIAL GENE EXPRESSION DURING 
ELONGATION IN THE PIG EMBRYO 
A paper accepted for publication in the journal genesis '•" 
M. E. Wilson, T. S. Sonstegard, T. P. L. Smith, S. C. Fahrenkrug, and S. P. Ford. 
Abstract 
On day 12-13 of gestation the preimplantation pig conceptus undergoes a dramatic 
morphologic change from an approximately 1 cm sphere to a nearly 1 m long thread. This 
transformation, referred to as elongation, occurs in just 12 to 24 hours. Elongation is 
primarily the result of trophectodermal cell shape changes, as there is relatively little mitosis 
during this stage of development. Thus far descriptions of elongation have been limited to 
histologic and immunofluorescent studies of cell morphology and gross biochemical 
evaluations. We hypothesized that the changes in trophectoderm morphology is likely 
involves significant changes in gene expression. Therefore, we used RNA arbitrarily primed-
PCR (RAP-PCR) to characterize potential differential gene expression by trophectodermal 
' Journal paper number J-18430 of the Iowa Agricultural and Home Economics Experiment 
Station, Ames, Projects 0239 and 3505, and supported in part by Hatch Act and State of Iowa 
Funds. 
^This research was also supported in part by USDA-NRICGP Award No. 97-35205-5077 
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cells during pig conceptus elongation. We found that the porcine heterogeneous nuclear 
ribonucleoprotein (hnRNP) A2/B1 was shown to be differentially expressed by 
trophectodermal cells during elongation. We suggest that regulated alternative splicing may 
contribute to the morphogenetic process of elongation. 
Introduction 
On day 11-12 of gestation the porcine conceptus is floating free in the uterine lumen, 
initiating changes necessary for the process of elongation, during which the spherical 
conceptus is transformed into a long, thin filament up to a meter in length (Anderson, 1978; 
Geisert et al., 1982). Elongation, which proceeds at a rate of approximately 30-45 mm/hr 
(Geisert et al., 1982), results primarily from a remodeling of the cells of the trophectoderm 
(Geisert et al., 1982; Mattson et al., 1990). Elongation of the pig conceptus is characterized by 
four morphologically distinct stages of development which include spherical, ovoid, tubular 
and filamentous forms (Anderson, 1978; Figure 1). The increase in surface area attained by 
embryos during these progressive morphological transitions probably involves cellular 
hyperplasia, plasma membrane rearrangements, cellular remodeling, or a combination of these 
processes. Trophectodermal cell density is shown to increase during the spherical-to-ovoid 
transition; however, after this period, proliferative activity is minimal as judged by the 
relatively stable DNA content through 100 mm long filamentous forms (Pusateri et al., 1990). 
The molecular and cellular processes that direct conceptus morphogenesis in pigs are not well 
understood. Our limited knowledge of conceptus morphogenesis is based primarily on 
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Figure 22. The wide variety of pig conceptus morphologies found on days 12-13 of gestation 
as the conceptus is transformed from a small to large spherical morphology (S) followed by 
ovoid (O), mbular (T) and finally filamentous (F) morphologies. Arrowheads point to the 
embryonic disk of selected embryos. 
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ultrastructural (Norberg, 1973; Geisert et al., 1982; Stroband et al., 1984; Mattson et al., 1990) 
and immunofluorescence studies (Richoux et al., 1989). These changes include a thinning or 
general flattening of trophectoderm cells, in association with the disappearance and relocation 
of microvilli, and the actin cytoskeleton. In addition, cellular rearrangements, changes in the 
distribution of extracellular matrix proteins, and trophectoderm-entoderm interactions may 
play important roles in tissue remodeling of the pig trophectoderm during conceptus 
morphogenesis. 
Most conceptus mortality in U.S. pig breeds occurs between days 12 and 18 of 
pregnancy, during which the embryos space themselves evenly throughout the uterus, elongate 
and attach to the uterine wall (reviewed in Pope, 1994). The wide range in littermate 
concepms sizes (from small spherical to filamentous all present in some litters) on day 12-13, 
has led to the hypothesis that the first embryos to elongate induce abrupt alterations in 
endometrial histotroph via their secretion of estrogen such that lesser developed littermates do 
not survive to the elongation phase (Dziuk, 1987; Pope 1994). Further, the length attained by 
a conceptus after elongation plays a significant role in determining later placental size (Wilson 
and Ford, 1999). Recently, we have demonstrated that the size of the placentae in a litter has a 
profound impact on litter size (Wilson et al., 1999). 
Despite the seminal morphological studies of the pig conceptus by Heuser and Streeter 
(1929), we still do not know how conceptus mitotic rate, differentiation or morphogenesis is 
regulated during the elongation process or what genes are associated with this event. This 
information is vital to our understanding of factors modulating conceptus (placental and fetal) 
growth and survival, and is central to designing strategies to minimize embryonic wastage. 
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Identifying changes in gene expression requires the ability to simultaneously assess large 
numbers of RNAs of varying abundance, size, and sequence (Liang and Pardee, 1992). RNA 
fingerprinting by differential display has been widely and successfully employed to detect 
changes in cells affected by a variety of stimuli (reviewed by McClelland et al., 1995). We 
describe herein the adaptation of RNA arbitrarily primed-PCR (RAP-PCR; Mathieu-Daude et 
al., 1996) to begin the characterization of differential gene expression by trophectodermal 
cells during elongation of the porcine conceptus. 
Materials and Methods 
Methods for processing embryonic tissue. 
All procedures and protocols involving the use of animals were approved by the Iowa 
State University Committee on Animal Care. Yorkshire females were checked for estrus 
twice daily with mature boars, and were bred at the onset of estrus (day 0) and 24 hours later. 
Embryos were surgically collected in PBS as previously described (Wilson and Ford, 1997). 
Individual embryos were then observed at low power (3 x) under a dissecting microscope, and 
their diameter measured to the nearest 0.5 mm. A pair of fine forceps were used to hold the 
conceptus by the embryonic disk (ED), while a sterilized razor blade was used to separate the 
ED from the remaining embryonic tissue (ET; i.e., trophectoderai and a small percentage 
entoderm). The ET was then placed in a 1.5 ml microcentrifuge tube, spun for 1 min in a 
micro centrifuge at 1400 x g, and excess flushing medium was removed. The ET was covered 
with 25-50 |il of Solution D (4 M guanidinium isothiocyanate, 25 mM sodium citrate (pH 
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7.0), 0.5% sarcosyl, 0.1 M 2-mercaptoethanol; Chomczynski and Sacchi, 1987) before 
freezing in a dry ice/acetone bath and storage at -90 °C for later extraction of RNA (no more 
than 2 months). 
RNA extraction, cDNA synthesis and RAP-PCR. 
Polymorphism in the RNA sequence between animals used in this study is an 
important consideration in the application of RAP-PCR. Our initial analysis of embryos from 
a linebred population resulted in the production of apparent difference products that were 
actually a result of allelic variation in the RNA population (data not shown). The difference in 
RNA sequence between alleles allows differential amplification of RNA when the change falls 
in the sequence to which the primers are hybridizing. To minimize the impact of 
polymorphism in this study, we have pooled embryos across potential genotypes to maximize 
the probability that each pool contains all possible alleles. 
Total cellular RNA was extracted from pooled ET tissue using RNeasy spin columns 
(Qiagen, Chatsworth, CA). Genomic DNA was removed from the sample by digestion with 
RNase-free DNase (Promega, Madison, WI). The samples were then repurified on a second 
RNeasy column, and RNA quality was visualized in a 1.2% agarose gel. For cDNA synthesis, 
RNA was serially diluted 1:2,1:4 and 1:8 to control for intra- and inter-sample differences in 
amplification. cDNAs were synthesized with an arbitrary decamer oligonucleotide primer and 
Moloney Murine Leukemia Virus (M-MuLV) reverse transcriptase (New England BioLabs, 
Beverly, MA) for 1 h at 37°C. The cDNAs were then amplified by PGR using a second 
arbitrary decamer oligonucleotide primer, ^^P-dATP, and 2 U AmpliTaq polymerase, Stoffel 
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fragment (Perkin-EImer-Cetus, Foster Cit>', CA). Cycling conditions were 35 cycles of 94°C 
for 30 sec, 35°C for 2 min and 72°C for 2 min. TTie products of the PGR amplification were 
electrophoresed through a denaturing (8 M urea) 5% polyacrylamide gel at 65 W for 4 h. Gels 
were dried under vacuum and exposed to film (BioMax MR, Kodak, NY) for 3 days at room 
temperature. Autoradiograms were visually scanned for bands present in the lanes within one 
t>'pe of staged conceptus, but not the other(s). Excised products were eluted and reamplified 
with the primers and reaction conditions used to generate the RAP-PGR amplification. In 
order to resolve amplification products which would otherwise co-migrate in a denaturing 
polyacrylamide gel, the products of the reamplification were electrophoresed through a non-
denaturing single strand conformational polymorphism (SSCP; Hayashi, 1991) 
polyacrylamide gel (MDE gel, J.T. Baker, Phillipsburg, NJ, 5% glycerol) at 8 W for 24 h. The 
SSCP gel was dried under vacuum and exposed to film for 3 to 4 days at room temperature. 
Identified difference products were again excised from the corresponding gel and eluted as 
before. Products that were still candidates after SSCP analysis were reamplified with 5 min 
extension at 72°C was added to the end of the cycling program. PGR products were cloned 
according to the manufacturer's conditions (TA cloning kit, Invitrogen). 
Ribonuclease protection assay. 
Plasmids containing difference product inserts were linearized with either HinDJR or 
EcoRI. Radiolabelled RNAs were synthesized from these linearized DNA templates with 
either 10 U of T3 or T7 RNA polymerase (Ambion, Austin, TX) according to the 
manufacturer's protocol. After RNA synthesis, the DNA template was digested with 1 U of 
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DNase I (Ambion) for 15 min at 37°C. Riboprobes were electrophoresed onto a 5% 
acrylamide, 8 M urea gel. Riboprobes were gel purified and eluted in 350 |j.1 of elution buffer 
(0.5 M ammonium acetate, 1 mM EDTA, 0.2% SDS) overnight at room temperature. 
Riboprobe specific activity was determined by scintillation counting an aliquot of eluant. 
Typically, specific activity of the probes range from 3 x 10^ to 2 x 10® cpm/^ig. 
Detection and verification of differentially expressed RNAs was performed with 
HybSpeed™ RPA (Ambion) according to the manufacturer's protocol. Each assay tube 
contained 8 jig Torulla yeast RNA, 2 jj.g Sus scrofa embryonic RNA (either spherical or 
filamentous), 120 pg of pyruvate dehydrogenase riboprobe (specific activity 5x10® cpm/|j.g), 
and 120 pg of difference product riboprobe (specific activity 1x10® cpm/|ig). Protected 
products were electrophoresed onto a 5% acrylamide-8 M urea gel. Gels were dried and 
exposed to film. 
Gene Mapping 
A portion of the porcine hnRNP A2/B1 gene (exon 4 through exon 5) was PGR 
amplified from genomic DNA using a primer designed against human hnRNP A2/B1 
sequence (GenBank accession D28877, 5'-TTGATGGGAGAGTAGTTGAGC-3') and a 
primer designed against the porcine sequence obtained by RAP-PCR (5'-
CTTTTCnTCCAGACTGCCTAT-3)'. Amplicons produced from several MARC reference 
parents (Rohrer et al 1994) were cloned and sequenced for polymorphism detection. A 7 bp 
deletion/insertion was detected at position 229. For mapping a smaller portion of hnRNP 
A2/B1 was amplified using the forward primer 5'GTGAGTGAATACGTAACTTGTGC-3' 
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and the same reverse primer as above. The resultant amplicons were detected,scored, and 
analyzed for chromosomal position as previously described (Rohrer et al, 1994). 
Results 
We generated three generalized types of fingerprints: 1) those too faint to determine 
any differences, 2) those with too much background to determine any differences, and 3) those 
which had sufficient numbers of amplification products (i.e., bands) to yield useful results 
(Figure 3). From the type 3 fingerprints from our initial screen, 34 products were excised (i.e., 
2.13 per primer pair, range 0-4). Sixteen of these products appear to be expressed in spherical 
stage embryos and not in filamentous embryos, while the remaining 18 appear to be expressed 
in filamentous stage embryos and not in spherical stage embryos. Using BLAST version 2.0, 
six of the 34 fragments showed significant homology to sequences in the nonredundant 
database of GenBank rhttt)://www.ncbi.nlm.nih.govA). One matched a portion of the porcine 
glucose phosphate isomerasegene (accession Z28396,294 bp), a segment of the human 
BGAA0152 cDNA (accession D63486,182 bp), the 5' UTR of human gene (accession Z97200, 
317 bp), a human X chromosome specific sequence (accession Z69367,427 bp), and the 
human NPAT gene (accession NM_0025I9,441 bp). 
The sixth match was to the human hnRNP A2/B1 cDNA (accession D28877) matching 
183 of 197 (92%) total bases and 62 of 65 amino acids (95%) within exon 5 and was chosen 
for further analysis. Figures 2 depicts the sequence of the hnRNP homologue. This particular 
gene product is a high affinity pre-mRNA binding protein that antagonizes the alternative 
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splicing activity of splicing factors SF2/ASF or SC35, causing activation of distal 5' splice 
sites and modulating alternative splicing (Mayeda, et al., 1994; Burd and Dreyfuss, 1994). 
Figure 3 shows the result of RPA analysis of the hnRNP probe with RNA from two pools 
generated from spherical embryos and six pools generated from filamentous embryos. This 
figure clearly demonstrates that the pig homologue of hnRNP is developmentally regulated 
during elongation. The RPA employed a fragment of the pig pyruvate dehydrogenase message 
as a positive control and to verify similar loading of RNA samples. It appears that this gene is 
expressed in spherical embryos, but is down-regulated by the time the conceptus reaches a 
filamentous morphology. 
Based on sequence identity between porcine and human hnRNP A2/B1 genes, 
heterologous and porcine-specific primers were designed to amplify the porcine hnRNP 
A2/B1 between exons 4 and 5, including intron 4. The sequence of the resultant hnRNP 
A2/B1 amplicon is depicted in Figure 4 and includes most of porcine exon 4. This portion of 
porcine hnRNP A2/B1 exon 4 is 97% identical to orthologous human sequence. A 7 bp 
insertion/deletion polymorphism was detected in 5 sows of the MARC reference population 
(Rohrer et al 1994). This polymorphism was used to position hnRNP A2/B1 on SSC 18 at 
position 49.5 cM (41 informative meiosis, max LOD = 8.52 with SO 120). 
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Figure 2. Alignment of porcine hnRNP A2/B1 deduced amino acid (A) and nucleotide (B) 
sequences with human hnRNP A2/B1. 
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Spherical Filamentous 
i I II 1 2 3 4 5 6 
hnRNP 
Figure 3. Results of a ribonuclease protection assay of RNA samples from spherical (pools I 
and n) and individual litters of filamentous (from gilts 1 to 6) embryos. The protected 
fragments for the putative porcine hnRNP and porcine pyruvate dehydrogenase (PDH) are 
indicated. 
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ITTGATGGGAGAGTAGTTGAGCCAAAACGTGCTGTTGCAAGAGAGgtgagt 50 
5 l g a a t a c g t a a c t t g t g c a  g t a g a t a a t t t g g g g g a a a t t t t t t t g a g a t t  1 0 0  
101 agaaagttatccatgtttcgctccaagttttgtttcctcattaatgctga 150 
151 gtggggtttctgtgtttttcatttcttagttttatttgaaagactaggtt 200 
201 cttaatcattttgccttatgtagtattt^ < 2 a r a r < 2 g a g t a g a a g t c a t t t  250 
2 5 l g t t a a t c a g a t a g t g t g c t t t t t c c t c t a t t t c a g G A A T C T G G A A A G C C A  3 0 0  
301 GGGGCrCATGTAACTGTGAAGAAGCrAnTGTTGGTGGAATTAAAGAAGA 350 
351 TACTGAGGAACACCATCITAGAGATTACnTGAGGAGTATGGGAAAATTG 400 
401 ATACC ATrGAGATAATTACTGATAGGC AGTCrGGAAAGAAAAGAGGCTTT 450 
451 GGCnTGTTACnTTGATGACCATGATCCTGTGGATAAAATCGTATGTAA 500 
501G 
Figure 4. A portion of the porcine hnRNP A2/B1 gene is presented. Exon 4 and 5 sequences 
are in upper case letters, intron 4 is in lower case letters, the 7 base pair insertion/deletion 
used for mapping the porcine hnRNP A2/B1 gene is italicized. Primer binding sites are 
underlined. 
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Discussion 
These data demonstrate that RAP-PCR is useful in characterizing differential gene 
expression during elongation of the porcine conceptus. It would appear that similar numbers 
of transcripts are down regulated (16 apparently spherical positive differences) as are 
upregulated (18 apparently filamentous positive differences) during elongation. 
Polymorphism in the expression products among individuals, as a result of using source RNA 
from outbred animals, could potentially result in artifacts (i.e., generation of false positives) in 
our preliminary attempts. By pooling RNA from a number of individuals across genotypes for 
each stage of conceptus being studied we were able to prevent this artifact. 
These data also demonstrate that the expression of the porcine homologue of human 
hnRNP is differentially expressed during elongation of the pig conceptus, with expression 
present in spherical embryos and absent from those embryos which have reached the 
filamentous stage. It appears that porcine hnRNP is down-regulated as embryos elongate. 
Although it is premature to speculate on the gene's exact function in the elongation process, 
this result is not counterintuitive considering the function of hnRNP as a regulator of 
alternative splicing, which is potentially important to this developmental process. Such 
activity would allow transcripts with multiple isoforms (and therefore potentially different 
activities) to be regulated at the level of post-transcriptional modification in lieu of down 
regulation of one gene product and concomitant up regulation of a second similar gene 
product. hnRNAs are often bound to large protein complexes containing hnRNPs Al, A2, Bl, 
B2, CI and C2 (Mayeda et al., 1994), as well as more than 15 additional proteins involved in 
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complex formation. The specific interaction of proteins in the hnRNP particles with hnRNA 
is thought to determine the processing of nascent mRNAs. 
The importance of the decrease in hnRNP A2/B1 expression during conceptus 
elongation is not known. This is a critical stage of development in the pig. The greatest 
embryo mortality takes place around the time of elongation. Additionally, the length attained 
at elongation will influence ultimate placental size (Wilson and Ford, 1999), a critical 
regulator of litter size (Wilson et al., 1999). Allelic variation resulting in altered hnRNP 
A2/B1 expression may influence the timing, extent and synchrony of this process. As a 
potential functional regulator of this conceptus elongation, we have mapped the porcine 
hnRNP A2/BI gene to SSC 18. The human hnRNP A2/B1 gene has been mapped to HSA 
7pl5 (Biamonti et al, 1994). This is in agreement with the comparative synteny suggested by 
ZOO-FISH and the coincidence of other genes mapped to HSA 7 and SSC 18 (Goureau et al 
1996; Fronicke et al, 1996). 
The transformation of a late preimplantation conceptus from a spherical to filamentous 
morphology is likely to involve marked changes in gene expression. These changes are likely 
to involve up-regulation of filamentous specific gene products, as well as the down-regulation 
of spherical specific gene products. As the ultimate gene product (either functional RNA or 
protein) is the truly important product of gene expression (i.e. transcription), mechanisms that 
modify specific gene products, like alternative splicing and post-translational modification, in 
addition to unique patterns of gene expression would allow for rapid alterations in concepms 
phenotype. 
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GENERAL DISCUSSION 
As was discussed earlier, the impetus for these experiments was to increase our 
understanding of the controls of litter size in the pig as part of a long term effort to increase 
reproductive efficiency in the pig. Significant strides had been made in understanding the 
differences between Meishan and Yorkshire breeds in conceptus growth and development, and 
the time was at hand to try to apply that knowledge in an attempt to increase litter size in a 
commercially relevant pig breed. We therefore set out to determine the amount of variation 
present within the Yorkshire breed in placental size and efficiency, as well as to determine the 
role of the uterine environment (and likely the length of the embryo at elongation) on placental 
size at term. As these were both fruitful pursuits, we felt an increased understanding of both 
the uterine environmental effects and genetic mechanisms potentially involved in determining 
placental size and efficiency would be beneficial in trying to manipulate conceptus 
development in a manner consistent with optimizing litter size. 
One of the key findings, and one likely to markedly influence the view of physiologic 
variables that influence litter size, was that significant (greater and 3-fold) variation exists in 
the efficiency of placentae within a litter (as measured by the piglet weight to placental weight 
ratio). More interesting, although admittedly in a quite small number of animals, was the 
apparent impact of placental size and efficiency on litter size. By selecting animals that had 
developed on the smallest, most efficient placentae, as well as those that had developed on the 
largest, least efficient placentae, we were able to realize marked differences in litter size (12.4 
vs 9.0). 
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We were also able to provide experimental evidence that modulation of the uterine 
environment a preimplantation embryo is exposed to will markedly influence the size of that 
conceptuses placenta at term. By increasing circulating concentrations of estradiol-I7P, which 
is likely to increase the growth factor content of the uterine lumen, we were able to increase 
placental size at term by approximately 40%. This was the first confirmation of a long 
standing hypothesis in our laboratory that the length an embryo attained by the end of 
elongation was indicative of how large the placenta would be at term. The impact of ±e 
environment an embryo is exposed to during early gestation on later placental size was then 
extended by transferring embryos to a more advanced uterine envirormient. By transferring 
embryos collected on day 2.5 of gestation to a recipient that was day 3.5 of her estrous cycle 
we were able to markedly increase placental size. Possibly, the additional 24 hours of 
endometrial exposure to progesterone prior to the embryonic signal of estradiol-17p, allowed 
for either a greater or more synchronous secretion of growth factors inamediately prior to 
elongation, increasing embryonic size after elongation and placental size at term. 
All three of these experiments point towards the peri-implantation period as a critical 
time in gestation, especially with respect to litter size. Unfortunately, virtually nothing is 
known about the controls of the process of elongation, and no sinailar phenomenon occurs in 
the better study rodent models to provide for informed speculation. We therefore felt that an 
attempt to better understand the genetic controls of elongation would be a valuable 
contribution to the scientific literature. We have begun such a characterization, and have 
begun the dissemination of our characterization of such controlling factors. 
There obviously are questions that remain as we have not eliminated all the variation 
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in litter size. As demonstrated in two of the manuscripts included in this work, there is a 
strong correlation between litter size and uterine size. However, we do not know how much 
plasticity there is in uterine length, how much of an individuals potential uterine length is 
used, whether there litter size indeed reflects a predetermined uterine size or whether uterine 
size is adapted to the size of the litter that survives to a given set point in gestation. It is these 
questions, in combination with our new understanding of the role of placental size, that will 
allow for optimization of litter size in breeds of pig relevant to the commercial pork industry. 
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